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When I was a graduate student at Columbia, in the mid-twenties, the Sym- 
posia of this Society occupied an important place on the biological scene. 
For one thing, there weren’t so many Symposia; but in addition, the Society 
was a focal point for activities that now are dispersed into separate chan- 
nels—I need only mention the Society for the Study of Evolution. At that 
time, however, it is fair to say that significant generalizations were apt to 
make their first appearance at a Naturalists’ Symposium. Then as now, the 
central topics of the Symposia were chosen according to the interests of the 
organizers. 

Thinking in this vein, when the task fell to me, I discovered that my own 
interests, chiefly in the nature and function of the hereditary materials, 
somehow invariably had led me into problems that concerned the interac- 
tions of the genetic factors, and their interrelationships with each other; 
that where there was a choice of problem, the integrative aspect attracted 
me. It seemed to me, therefore, that I might indulge this interest, and learn 
how things were in other fields of biology, by a discussion on common 
ground, to gain some more general view of the problems. 

Historically one might suppose that the modern problems of integration in 
biology came into being with the concept of the cell as the elementary unit. 
The challenges to this concept came when attention was paid to such inte- 
grated processes as development. Discussion of this kind, around the turn 
of the century, made a great point of the relatively minor importance of the 
cell itself, as compared to the organism as a whole. Cell function, studied 
by physiologists, collided with the same questions, with such answers as 
Sherrington’s classic on ‘‘Integration in the Nervous System.”’ 

The problems of integration of cells into an organism however, formidable 
as they were—and are—soon found their counterparts within the cells them- 
selves. Particularly was this true with the Mendelian interpretation of he- 
redity, an atomistic concept, with independent elements that somehow must 
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be integrated in their activities. At this distance, a good deal of the early 
uproar against the Mendelian interpretation seems to have been due to a re- 
sistance to the new complications presented by such quasi-independent 
units of inheritance. The question became acute when problems of develop- 
ment in relation to genetics were considered. 

It is not my intention to pursue this theme in detail; but I shall take time 
to indicate some of the directions which recent genetic research has had to 
take, in meeting the obvious difficulties presented by the existence of units 
of heredity which could be shuffled about, maintain their independent activi- 
ties, and still work as participants in a more elaborate scheme of organi- 
zation. 

The early discussions were distinguished by a tendency, finding its 
clearest expression in Jacques Loeb’s ‘‘Organism as a Whole,’’ to set aside 
the Mendelian genes as controlling superficial characters. The ‘‘funda- 
mental’’ characters of an organism, viewed at that time as distinguishing 
the species or genus, these were controlled by the cytoplasm, which in the 
egg determined the nature of the organism as a whole. Thus it was the 
cytoplasm which had the integrative function in the cell. 

So long as Mendelian units were as superficial as the characters chosen 
by the eatly workers for convenience in study, the superficiality of such 
discussions was understandable. As the analysis progressed, it became 
apparent that no cellular characteristics were exempt from the control by 
nuclear elements. Even the characteristics of the egg cytoplasm are influ- 
enced by the nuclear constitution of the egg. In this way, the demonstrated 
existence of the units of control made the problem of integrating their ac- 
tivities more compelling. 

The Mendelian studies depended on the existence of mutants, whose ef- 
fects were contrasted with the characteristics of their strains of origin. In 
such material, interaction effects of genetic factors on development could 
be observed in the individuals containing combinations of mutants; these 
studies were more effective as analyses of development, for they gave little 
information about the integration of the genetic system itself. That informa- 
tion came from the studies of the effects of changes in the amount of chromo- 
somal material, originally in studies of sex determination. Now it became 
apparent that quantitative relations between the many different units were 
important, and this realization was called the theory of genic balance. All 
this was some thirty years ago. 

With the rise of chemical genetics in the intervening time, the role of in- 
dividual genes has emerged as a control of the specific paths of synthesis 
in the organism. The integration, some beautiful examples of which have 
been worked out, takes place at a level in which geneticist and biochemist 
have had much to learn from each other. But with this role attributed to the 
gene, the traditional question of the small child about the Deity makes it- 
self heard: What makes the gene? 

It is in this realm that some of the more fascinating present problems of 
genetic integration appear. The DNA molecules, whose pattern we now be- 
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lieve imposes the original specificity of the reaction, its ultimate predes- 
tination—these molecules themselves must be synthesized out of precursors 
made available by reactions in turn affected by other genetic activities. 
The existence of such control is evident in a variety of ways, not least in 
the genetic studies themselves. I need mention only mutations affecting 
the behavior of the chromosomes, mutations affecting the mutability of spe- 
cial genes, or effects of special chromosome regions on nucleic acid con- 
stitution itself. The attack on these problems is barely initiated; the ge- 
netic methods are just adequate, the chemical methods in their infancy. 

How primitive present knowledge is, becomes evident when one hears the 
discussions of the organization of genetic material into chromosomes. Some 
years ago, there was much question whether genes as units really existed, 
whether the chromosome was not the unit of organization, the so-called 
genes being not units at ail but local changes in structure. A full examina- 
tion of this question would be out of place in an introductory sketch. But 
if nothing else emerged from the discussion, it became clear that actual 
progress in the field resulted from analysis in which the units were taken 
as experimental realities, and the modalities of interaction studied. The 
interactions between adjacent units, the discoveries of complexity within 
the units themselves, the interrelationships between the behavior of differ- 
ent chromosomes, become problems capable of more or less precise study 
when viewed as results of integration of elemental units. 

Here we come to the central problem of our meeting;this morning. It is 
always possible that some Copernican revolution will appear to make the 
present genetic concepts as overelaborate as the Ptolomaic orbits, and the 
genetic units perhaps merely the products of some more comprehensive field 
in the cell. The critical question, the test, will be whether by stating the 
components of the system in the present unitary terms, we can explain its 
behavior as a whole. We have now the opportunity of seeing the response 
to this question in the different fields that our session encompasses. The 
central nervous system is the classical example of integration in cell func- 
tion; the growth of an organism is the prime mystery of integrative action. 
Analytically, the underlying chemical mechanisms within the cell must be 
sought in coupled reactions, in the metabolic cycles controlled by the multi- 
enzyme systems. And finally, we come to the general principles, to indi- 
cate the degree to which modern theoretical developments can be helpful as 
a guide for future experimental analysis—these presentations are the busi- 
ness of the morning. 
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DEFINITION OF INTEGRATION 


Sherrington (1906) introduced the concept of integration by stating that: 
‘In the multicellular animal, especially for those higher reactions which 
constitute its behaviour as a social unit in the natural economy, it is ner- 
vous reaction which, par excellence, integrates it, welds it together from its 
components and constitutes it from a mere collection of organs an animal 
individual.’’ (p. 6) For the purposes of the present discussion, Sherring- 
ton’s statement can be simplified by defining the integrative function of the 
nervous system as the ability to coordinate various incoming signals in 
such a way as to elicit a change which is useful to the whole organism. 

Among the signals capable of exerting an influence on the central nervous 
system (c.n.s.), the most important are the nerve impulses which originate 
in receptor organs and which, during normal activities, continuously bom- 
bard the nerve centers from various sources. 


_ Afferent signals 


The features of receptor activity have been known for some time (Adrian, 
1928): in each sensory fibre the incoming messages are organized in rather 
uniform patterns consisting of a succession of identical transients, the 
nerve impulses. In general, greater intensities of the stimulus evoke higher 
frequencies in the discharge of these nerve impulses, but size and shape of 
each nerve impulse is invariable so that one can say that information is 
transmitted from periphery to centers in the form of coded messages con- 
sisting of identical transients. 


Responses of the central nervous system 


Upon reaching the central nervous system these sensory messages may 
elicit a variety of changes: they may result within a short time in modifica- 
tion of the patterns of impulses which leave the c.n.s. or they may affect 
the c.n.s. in a more elusive manner, giving rise to changes which perhaps 
can be detected but which do not lead to a short-term modification of the 
outgoing impulses. To the first class of phenomena belong the actions 
which are usually called reflexes, while in the second class we may include 
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such more complex activities as memory, learning and perhaps also con- 
sciousness and ideas. The present discussion will be restricted to reflex 
actions and, in fact, I should like to consider only those reflexes which re- 
sult in movement. For our present purposes, reflexes can therefore be de- 
fined as movements elicited by stimulation of receptors. 


Facilitation and occlusion 


Reflex actions and indeed very simple reflexes already show a certain 
amount of integration. The pattern of a reflex response is usually controlled 
by the combined effect of messages reaching the c.n.s. from several sensory 
fibres and the movement is usually brought about by repetitive firing of many 
motoneurones. As a rule, different movements are elicited by diff 
binations of afferent messages, but input and output. signals are uot always 
related in a simple and invariable manner. It is known, for instance, that 
quite often the response to two stimuli is not the algebraic sum of the re- 
sponses to each stimulus alone. Facilitation and occlusion (Creed, Denny- 
Brown, Eccles, Liddel and Sherrington, 1932) are examples of this non- 
linearity between input and output. In the first case, the response to two 
stimuli is larger, and in the second it is smaller than the sum of the re- 
sponses to each stimulus. 


Temporal summation 


Another feature of reflex activity which is important for integration is that 
the effect of a given stimulus may be modified by what has happened to the 
c.n.s. some time before. This feature is revealed in a striking manner by 
flexor reflexes evoked by electrical stimulation of skin nerves (figure 1). If 
identical shocks are applied at regular intervals to a skin nerve while ac- 
tivity is recorded from a flexor motoneurone, it is often seen that the first 
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FIGURE 1. ‘‘Build up’’ and afterdischarge of a flexor reflex. Decerebrate prepa- 
ration. Records taken from thin ventral root filament. Stimulation of sural nerve at 
1/sec starts at A and terminates at B. Organized withdrawal of the limb occurs in 
coincidence with the repetitive motoneurone firing. Time: 1 sec. 
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shocks produce each a single reflex impulse, but the later shocks evoke a 
progressively increasing repetitive firing (Fuortes, 1954). This is an ex- 
ample of temporal summation (see Creed et al, 1932, pp. 31-34). It has been 
denied for some time that temporal summation could be demonstrated in re- 
flexes of muscular origin, but it is now clear that it may occur in these re- 
flexes as well, although it has there a shorter time-course (Lloyd, 1946; 
Brooks and Eccles, 1947; Alvord and Fuortes, 1953). The change responsi- 
ble for temporal summation was called by Eccles and Sherrington (1931 a) 
the central excitatory state. 


Inhibition 


In other conditions, impulses reaching the spinal cord may evoke there a 
change which decreases the excitatory effect of subsequent impulses. This 
change was called by Eccles and Sherrington (1931b) the central inhibitory 
state and has some features in common with the opposite excitatory condi- 
tion, inasmuch as inhibition resulting from stimulation of cutaneous nerves 
of receptors decays more slowly than that elicited by stimulation of muscu- 
lar afferent pathways. 


‘'Purposiveness”’ of reflexes 


The changes described so far are confined to what can be seen when ac- 
tivity is observed in a single motor fibre. Analysis of unity activity is use- 
ful for certain purposes but some important properties of the c.n.s. are more 
readily revealed by other techniques. For instance, if the effect of repeti- 
tive stimulation of skin nerves is observed in limbs with intact motor in- 
nervation, it is seen that the activity of the different motoneurones is highly 
organized in space and time, giving rise to an orderly succession of con- 
tractions and relaxations of different muscles and resulting in smooth flex- 
ion of the stimulated limb. Since pinching, pricking, pressure, heat and, in 
general, all potentially noxious stimuli may elicit this organized flexion, 
the effect of this reflex organization will be that the animal will withdraw 
his limbs from agents which may evoke damage. This example illustrates 
one of the most important properties of. the c.n.s., namely its ability to re- 
spond to stimuli with purposeful actions (Sherrington, 1906, pp. 236-239), 
meaning by this that these actions are adequate to preserve life and well- 
being of the animal in the presence of the conditions of environment revealed 
by the stimulus. 

Interaction of the effects of simultaneous or successive stimuli leading to 
organized purposeful responses is what we have defined as integration, and 
I should like now to discuss the mechanisms underlying the processes of 
facilitation, occlusion, inhibition and temporal summation which are at the 
basis of integrative functions. 

The properties of the c.n.s. are a consequence in part of the properties of 
its component cells and in part of the structural relations between the in- 
dividual cells. My discussion will deal mostly with properties of cells, and 
it will be sufficient to mention only a few features of organization. 
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Basic features of organization 


Spinal neurones are connected by means of synapses in a variety of man- 
ners. Sensory neurones may be connected directly with motoneurones. 
These direct links are called monosynaptic pathways. More frequently input 
and output channels are connected to one or more short axon cells forming 
then a variety of pluri-synaptic pathways. In still other cases the connec- 
tion between input and output is exerted through long loops formed by long 
axon cells. Also, the cells interposed between sensory and efferent neu- 
rones may form, through their collaterals, closed chains along which excita- 
tion may reverberate for indefinite time, although we do not know that this 
actually happens. Finally, one should mention that the majority of large 
pyramidal cells possess a recurrent collateral through which the messages 
which travel down the long axon are sent back to the pool of neurones 
nearby. Although exceptions may exist even in vertebrates, in the large ma- 
jority of cases synaptic connections are not exerted in one-to-one fashion 
between any two neurones, but rather each axon sends terminal branches to 
cell bodies and dendrites of several different neurones while each cell body 
is covered by terminals from many different axons. These features are re- 
ferred to as ‘“‘principles of convergence and divergence’’ and have been first 
pointed out: by Golgi (1883, pp. 303 and 306) and later elaborated by Sherring- 
ton (see Sherrington, 1906; Creed et al, 1932). If one keeps in mind that the 
c.n.s. of higher mammals contains about ten thousand million nerve cells 
and that, due to convergence and divergence, the interconnections between 
them are many times more numerous, this brief outline of some simple forms 
of organization may be sufficient to give an idea of the enormous complexi- 
ties that may result in the whole. 


Older views on synaptic actions 


With such elaborate organization it is, of course, conceivable that even 
relatively simple properties of each unit and of each junction may be suf- 
ficient to give rise to complex input-output relations, namely to complex re- 
flex behavior and, in fact, it has been thought for a long time that the prop- 
erties of nerve cells were fully described by the properties of peripheral 
axons and that the mechanisms of transmission were essentially the same as 
those of conduction. Synapses were then compared to switches which per- 
mitted or prevented the passage of impulses from one neurone to the next but 
had no intermediate action. Inhibition was then ascribed to refractoriness 
and was explained assuming that an internuncial link between input and out- 
put was maintained refractory by activity from certain sources (Gasser, 
1937). It was denied that temporal summation could occur at individual 
synapses and the c.n.s. was often compared to a complicated telegraphic 
network in which coded messages were received, switched and forwarded 


along predetermined channels. 


Synaptic potential 


Some progress in our understanding of both properties of nerve cells and 
features of synaptic activity was made after it became possible to apply to 
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the c.n.s. techniques employing intracellular microelectrodes (Brock, Coombs 
and Eccles, 1951). These techniques have been used so far almost exclu- 
sively in studies of monosynaptic reflex action and have yielded there re- 
sults which can be summarized as follows (see Eccles, 1957). As acell is 
penetrated, a potential is recorded which reveals that the inside of the cell 
is about 60 mV negative with respect to its outside. During impulse firing 
the potential difference is transiently reversed, the inside becoming for a 
short time positive with respect to the outside. Resting and action poten- 
tials are supposed to be the consequence of specific permeabilities of the 
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FIGURE 2. Synaptic and direct excitation of a motoneurone. In A, a weak shock 
to a muscle nerve evokes an excitatory post-synaptic potential. A stronger shock to 
the same nerve (B) elicits a larger synaptic potential and a spike. In C the same 
motoneurone was stimulated directly by a depolarizing current step passed through 
the same intracellular electrode used for recording. A Wheatstone bridge was used 
for balancing the potential drop evoked by the stimulating current (see Frank and 
Fuortes, 1956). Indirect calculation shows that the depolarization elicited by the 
stimulating current in C is approximately equal to that evoked by the synaptic po- 
tential in B. Time: 1 msec. Calibration pulse: 20 mV. 


cell’s membrane to ions: to potassium at rest and to sodium during activity. 
When firing of a motoneurone is elicited by stimulation of sensory fibers, 
one sees that the postsynaptic spike which corresponds to the reflex im- 
pulse is preceded by a slow depolarization which has been called the ex- 
citatory postsynaptic potential. Even when it is elicited by a synchronous 
afferent volley, this potential has a relatively long duration (figure 2 A) and 
it has a graded character, its height being controlled by the intensity of the 
presynaptic volley. A reflex spike is produced by a motoneurone only if the 
synaptic potential exceeds a certain amplitude (figure 2B), which can be 
reached not only by combination of simultaneously arriving impulses but 
also by summation of the potentials evoked by impulses arriving in succes- 
sion (figure 3). If a motoneurone membrane is depolarized by currents 
passed through an impaling microelectrode, impulse firing may also be pro- 
duced (figure 2). It is difficult to measure exactly the amount of depolari- 
zation éaused by these currents, but it can be said that the depolarization at 
which firing occurs following current stimulation is approximately equal to 
the depolarization evoked in the same motoneurone by a threshold synaptic 
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FIGURE 3. Temporal summation in motoneurones. Two shocks applied in suc- 
cession to the same muscular nerve in A are insufficient to evoke a reflex impulse. 
With shorter interval between the two stimuli the depolarization reached following 
the second shock is sufficient to initiate firing of a reflex impulse (B). Time: 1 
msec. Calibration pulse: 20 mV. 


potential (Coombs, Eccles and Fatt, 1955a; Frank and Fuortes, 1956; 
Coombs, Curtis and Eccles, 1957b). These results permit one to conclude 
that the excitatory synaptic potential is the cause of postsynaptic firing, and 
it becomes now desirable to determine how presynaptic activity evokes the 
postsynaptic depolarization expressed by the postsynaptic potential. One 
might think that this postsynaptic depolarization could be the consequence 
of the action currents accompanying presynaptic nerve impulses. This view 
has been expressed in different forms in the electrical hypotheses of trans- 
mission (e.g., Eccles, 1936; Lorente de No, 1939), but difficulties arose 
when it was found (Brock, Coombs and Eccles, 1952) that stimulation of 
afferent pathways which inhibit the activity of certain motoneurones evokes 
an increase rather than a decrease of the membrane potential of those moto- 
neurones (figure 4). Since impulses which inhibit carry the same action cur- 
rents as impulses which excite, one was led to suspect that action currents 
are not the cause of production of the postsynaptic potentials. Later 
evidence (Coombs, Eccles and Fatt, 1955b, a and c) indicated that (as is 
the case for the action potential) the excitatory and inhibitory synaptic po- 
tentials are aiso the result of achange of permeability of the cell’s membrane. 
At the neuromuscular junction, this permeability change can be evoked by 
chemical substances (Nastuk, 1953; del Castillo and Katz, 1955 a) but not 
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FIGURE 4. Inhibitory and excitatory synaptic potentials. Stimulation of a cuta- 
neous nerve (A) gives origin to transient hyperpolarization (inhibitory synaptic po- 
tential) in a spinal motoneurone, while stimulation of an extensor muscle nerve (B) 
evokes transient depolarization (excitatory synaptic potential) in the same moto- 
neurone. When the two stimuli are combined (C) the depolarization evoked by the 
excitatory stimulus is reduced. Time: 1 msec. Calibration: 20 mV. 


by electric currents (Kuffler, 1949; del Castillo and Katz, 1955b) and it is 
now thought that the terminal branches of axons are specialized structures 
which, during activity, secrete substances capable of altering the permea- 
bility and thereby of decreasing or increasing the potential of an adjacent 
postsynaptic membrane. 


Generation of impulses in motoneurones 


Still another feature of nerve cells is now suspected to play a role in inte- 
gration at the unitary level. It was thought until recently that impulses could 
be generated by any portion of a motoneurone following a sufficiently in- 
tense synaptic bombardment. For instance, following activation of a densely 


A wh 
B 
[ 


220 THE AMERICAN NATURALIST 


packed group of synaptic terminals located anywhere on the motoneurone 
membrane, an impulse was supposed to be initiated there and to spread from 
that point to the remaining parts of the cell and axon. Results of recent 
experiments do not support this view. Intracellular records from motoneu- 
rones show that spikes elicited in any manner (orthodromic, antidromic or 
direct stimulation) always divide into two components (Araki and Otani, 
1957; Fuortes, Frank and Becker, 1957; Eccles, 1957; Coombs, Curtis and 
Eccles, 1957 a), the first of which may be elicited in isolation in a number 
of experimental conditions (figure 5). The interpretation of these results is 


FIGURE 5. Response to two antidromic shocks. Superimposed sweeps. The 
spike elicited by the first antidromic shock has only a slight inflection in its rising 
phase. The second -shock delivered at a ‘‘critical stimulus interval’’ (Fuortes, 
Frank and Becker, 1957) evokes either a slightly smaller spike with a pronounced 
rising phase inflection or a small spike only. These results are interpreted assum: 
ing that the first component of the spike is produced by initial activation of the 
axon. Calibration pulse at end of sweep: 20mV. Time: 1 msec. 


that impulse activity originates in an area which is separated from the 
recording microelectrodes by an appreciable resistance, and there are good 
reasons for believing that this area is located in the axon. With this ar- 
rangement the function of the motoneurone soma will then be to combine, or 
in other words, to integrate the effects induced by all impingement present 
during a certain time interval, and to transmit this integrated result to the 
pacemaker area where impulses are originated. 

The conclusion of this work is that presynaptic impulses affect the func- 
tion of motoneurones by evoking or by preventing shifts of their membrane 
potential towards that level of depolarization at which impulse firing occurs. 
The effect of bombardment from several sources combines in the motoneu- 
rone soma before being transmitted to an area in the axon which is capable 
of generating impulses. The graded nature and the duration of the potential 
changes induced upon motoneurones by excitatory presynaptic impulses 
justify the properties of facilitation and temporal summation found in input- 
output studies, and the increase of membrane potential induced by im- 
pulses carried by certain fibres explains inhibition. Occlusion is accounted 
for by the property of motoneurones to discharge a single impulse following 
impingement with a synchronous volley, and by the all-or-none character of 
the nerve impulse. 
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Responses to prolonged stimulation 


These conclusions have Leen reached in discussing results obtained by 
experiments in which transmission was evoked by single electric shocks giv- 
ing rise to large synchronous volleys. This is convenient for purposes of 
analysis but it is now appropriate to reconstruct from these results the 
events occurring in the more normal conditions in which afferent signals are 
not synchronous volleys but rather more or less prolonged trairs of impulses 
proceeding asynchronously in different sensory fibres. The repetitive ac- 
tivity of each fiber carrying excitatory impulses will elicit in motoneurones 
a series of small excitatory synaptic potentials and, as long as no reflex 
firing is produced, the combination of the effects exerted by several of these 
fibers will be a larger, smooth and sustained depolarization, the intensity of 
which will be a function of the number of impulses reaching the cell in a 
given time. With sufficiently intense stimulation an impulse will be dis- 
charged as soon as the depolarization has reached a sufficient level by 
virtue of temporal summation. Following impulse discharge, the depolariza- 


FIGURE 6. Potentials generated by repetitive stimulation of a muscular nerve. 
A: Subliminal response recorded from a motoneurone during stimulation of the gas- 
trocnemius nerve at 50 per second. B: With greater frequency of stimulation there 
is more effective summation of the depolarizations evoked by each shock and repeti- 
tive firing occurs. Note that only a small portion of the spikes is visible on the 
records at the high grain used. Time: 1 sec. Calibration: 10 mV. 


tion will be reduced just as a synaptic potential evoked by a single volley 
is reduced by impulse firing, probably because the membrane is then highly 
conductive for ions which tend to increase its polarization. The continued 
synaptic bombardment will, however, again depolarize the membrane until a 
new impulse is produced and the cycle is repeated. 

This reconstruction is supported by results showing that during repetitive 
orthodromic stimulation temporal summation of synaptic potentials occurs 
and leads either to sustained depolarization or to repetitive firing (figure 6). 
Repetitive motoneurone firing can also be produced if the membrane is de- 
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FIGURE 7. Repetitive firing evoked by direct current stimulation of a motoneu- 
rone. Interrupted upper tracing in each record measures intensity of depolarizing 
current through the intracellular microelectrode. Lower records: potentials recorded 
through Wheatstone bridge, as in figure 2C. Threshold depolarization (A) evokes a 
single spike. Stimulation with currents of greater intensity evokes repetitive firing 
at increasing frequency (B to F). The initial slope in the potential records E and F 
is an artifact due to change of electrode resistance during current flow. Time: 1 
msec. Calibration: 20 mV. 


polarized in the absence of orthodromic stimulation by direct currents (figure 
7). In these cases, frequency of firing is a simple function of current in- 
tensity (Frank and Fuortes, unpublished). 


CONCLUSIONS 


It turns out therefore that, even in the simplest conditions applying to 
purely excitatory monosynaptic reflexes, a whole succession of frequency- 
intensity transformations is involved in the production of normal actions: 
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intensity to frequency in receptors, frequency to intensity at synaptic re- 
gions, intensity to frequency at the pacemaker region of motoneurones, and 
finally, frequency to intensity in muscles. 

In conclusion, it can be said that although we are still a long way from 
understanding the mechanisms of complex integrative functions of the ner- 
vous system, the results mentioned above provide adequate explanation of 
some simple reflex events involving a small degree of integration. 

These results have made it clear that the spikes accompanying nerve im- 
pulses are not the only important feature of c.n.s. activity, and we realize 
now that more subtle processes such as the graded, relatively long-lasting 
responses underlying facilitation, excitation and inhibition also occur and 
play important roles. There are also numerous indications that other as yet 
unexplored basic mechanisms exist, and one may hope that further study of 
the fundamental properties of units and of the features resulting from their 
relationships may eventually lead us to a better understanding of the com- 
plex functions of the c.n.s. 


SUMMARY 


As long as all-or-none impulses were assumed to be the only changes im- 
portant for nervous system function, central synapses were supposed to act 
as on-off switches and even simple integrative actions were ascribed to the 
complex structural relations between nerve cells. It has now been shown 
that graded responses occur at synaptic regions and may combine in single 
nerve cells, facilitating, evoking or preventing generation of impulses. The 
properties of these graded responses are sufficient to explain some of the 
processes upon which simple integrative actions are based, and interpreta- 
tion of complex functions of the central nervous system should now take 
into account graded activity of nerve cells together with impulse activity 
and structural organization. 
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INTEGRATION OF PLANT GROWTH PROCESSES* 


RALPH O. ERICKSON 


Botanical Laboratories, University of Pennsylvania, Philadelphia, Pennsylvania 


The topic of the growth of organisms is such a very large and diffuse one 
that it would be quite presumptuous of me to attempt anything like a general 
discussion of the subject here. I shall, therefore, limit this discussion to 
some studies from our laboratory of the growth of plant organs. 

It is a truism to say that growth and development are highly integrated. 
The universal existence of a beautifully regular, detailed and specific form 
in each of the hundreds of thousands of species which make up the living 
world, argues compellingly that there are highly developed mechanisms for 
integration of the growth and developmental processes which lead to, or find 
expression in these forms. It is my view, however, that very little is known 
about the mechanism of integration of developmental processes. Dr. Racker 
has been able to speak about the reactants and enzymes of several meta- 
bolic processes, and to deal with their kinetics in a mathematical way, and 
Dr. Fuortes, in speaking about nervous function, has used the word integra- 
tion in very nearly its mathematical meaning of summation. While metabolic 
processes are involved in, and undoubtedly support growth, the student of 
growth must also be concerned with morphogenetic processes involving cell 
organelles, cells and tissues. Such processes, which can perhaps be said 
to transcend the energetics of metabolism, have scarcely been studied as 
processes, except in the descriptive manner of classical morphology and 
histology. This being the case, I feel that one can speak of the integration 
of growth processes only in a rather vague and undefined sense. Other 
words, such as correlation, regulation, control, and perhaps homeostasis, 
might serve as well, in the same loose sense. 

In this rather general sense, then, I should like to present some evidence 
for integration, or correlation, of growth processes in three plant organs 
which we have studied, and in each case to show a little of the nature of tne 
correlation, by means of an analysis of empirical growth data.’ I shall not 
theorize, but only make some suggestions about how to make use of the 
growth data and their analysis in further study of the particular organs. 


THE GROWTH OF THE ROOT 


I should like first to speak about the root, which is of course a cylindri- 
cal organ with apical growth. The growth pattern of the root has been de- 
scribed and illustrated classically in terms of zones of cell division, cell 
elongation and cell maturation. In contrast with this verbal description of 
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the growth pattern, is the analysis in terms of empirically derived time rates 
of various processes, which Goodwin and his collaborators and we have 
worked out. The positions of epidermal cell walls (Goodwin and Stepka, 
1945; Goodwin and Avers, 1956) or of marks placed on the root (Erickson and 
Sax, 1956) have been recorded during growth, and time rates of displacement, 
dX/dt, estimated, where X is the distance from the tip. From these data, the 
relative elemental rate of elongation, d(dX/dt)/dX, was calculated for each 
point along the axis of the root. By cutting other comparable roots into seg- 
ments of known length, macerating them and counting the resulting cell sus- 
pensions, the number of cells per unit of length, dC/dX, at each point could 
be estimated, which, together with the rates of displacement, dX/dt, per- 
mitted estimates of the relative elemental rate of cell formation. Similar 
methods were used to estimate rates of change of cell length, fresh and dry 
weight per cell, total nitrogen per cell, etc. (Erickson and Goddard, 1951). 
I will not dwell on this analysis, but will simply observe that the fact that it 
is possible to analyze the growth of the root in this quantitative manner, 
argues for a high degree of integration of the processes studied. 

This analysis of the normal growth pattern also has implications for ex- 
perimental work on roots. Avers and Goodwin (1956) have studied the inhi- 
bition of growth of Phleum roots by coumarin and scopoletin, estimating ele- 
mental rates of elongation and cell division, and have found rather specific 
effects on the epidermal cells, depending on their stage of development. We 
have similarly used this approach in some unpublished work on the effect of 
metabolic inhibitors on roots of Zea, but I think that a discussion of the 
temperature relations of cell division and cell elongation in the growth of 
the Zea root, is more pertinent to the present topic. For this study, we have 
germinated seeds on moist filter paper, and, when roots were 2.5 cm. long, 
transferred ten seedlings to a clear plastic chamber fitted with vertical chan- 
nels down which the roots grew. A pump mechanism filled the chamber with 
a buffer solution every ten minutes, and immediately drained it, to aerate the 
roots and keep them moist. An automatic camera was set up to photograph 
the seedlings each hour, and root lengths were read from the resulting nega- 
tives, to provide detailed growth curves. At the end of a run, the roots were 
removed from the chamber and cut into segments, which were fixed, and 
sectioned longitudinally. Camera lucida sketches were made, from which 
lengths of the prominent metaxylem cells of the stele were measured. 

Root length data were obtained in this manner for roots grown at tempera- 
tures ranging from 10° to 40°C., at 5° intervals, and at 6°C. After a short 
initial period of acceleration, length increased very nearly linearly with time 
at each temperature studied (figure 1), and the rate of elongation, dX/dt, was 
estimated from the linear portion of each curve. Figure 2, in which these 
rates are plotted against temperature, is very similar to that which Lehen- 
bauer (1914) has published ror his studies of the growth of Zea seedlings at 
various temperatures, and to rate vs. temperature data which Johnson, Eyring 
and Polissar (1954) have quoted for a variety of biological processes ranging 
from enzymatic reactions to the crawling of ants. There is a well-marked 
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optimum temperature, 30°C., and a falling-off of the rate with increasing 
temperature above the optimum, which is more rapid than the increase of 
growth rate with increasing temperature below the optimum. It is of some in- 
terest to compare these data with the Arrhenius equation, by plotting the 
natural ‘ogarithm of the growth rate against the reciprocal of absolute tem- 
perature, and examining the slope of the resulting curve. The slope, multi- 
plied by two, can be interpreted as the apparent activation energy of the 
process in question, symbolized by p» by Johnson et al. While the value of p 
for root elongation is of the same order as for many other complex biological 
reactions, for example 25,000 cal. per mole between 15° and 20°C., the 
Arrhenius plot is not linear over any appreciable part of the temperature 
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range. This, I take it, is to be expected of a complex process such as the 
growth in length of an organ. In discussions of such rate-temperature data 
as these, the decrease of rate with increasing temperatures above the opti- 
mum is often ascribed to a progressive heat inactivation of enzymes. Al- 
though Lehenbauer adopts this explanation for his data on Zea seedlings, it 
is difficult for me to understand how it could apply here, since the roots 
grew nicely linearly at both 35° and 40°C., in the latter case for 72 hours. 
The measurements of metaxylem cell lengths in the mature portion of the 
roots were used together with the rates of elongation to estimate rates of 
cell division. These cell lengths were quite variable, so that averages of 
a considerable number of cells were required. In figure 3, the dashed line 
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has been placed through the mean length at each temperature. Considering 
the variability of the data, it would appear that they can be fitted satisfac- 
torily by assuming the same mean length, 1.26 mm., at each temperature from 
15° to 35°C. At 10° and 40°C., the mature cell length is obviously much 
less. At 6°C. no measurements were made, since growth was so slight that 
mature cells could not be identified with certainty. 

The average metaxylem cell length may be symbolized by dX/dC (mm. per 
cell) as in a preceding paragraph. Rates of cell division can then be calcu- 
lated by dividing the elongation rate at each temperature by the correspond- 
ing average cell length: dC/dt = (dX/dt)(dC/dX). Cell division rates calcu- 
lated in this way are plotted against temperature in figure 4. It will be seen, 
for instance, that at 25°C., new cells are added to a typical metaxylem 
strand at the rate of 2.02 per hour. Two versions of the curve are shown, 
the dashed line corresponding to the means plotted in figure 3, and the solid 
line basdd on the assumption that mature cell lengths are constant between 
15° and 35°C. 
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If the assumptions we have used in fitting these data are sound, it appears 
that the root is compensated for temperature changes within the range of 15° 
to 35°C., as regards the morphogenetic processes of cell elongation and cell 
division. While both processes are greatly affected by changes in tempera- 
ture, they are both changed in the same proportion, and the result is that ma- 
ture cells of the same length are produced. Subjectively speaking, one would 
be hard put to distinguish a 15° root from one grown at 25°C., on any micro- 
scopic criteria, though the latter grows at about three times the rate of the 
former. Outside of this region of compensation, that is at 10°C. and at 
40°C., the correlation between these two processes apparently breaks down. 
The rate of cell elongation is reduced much more than that of cell division, 
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by both high and low temperatures, with the result that the mature cells are 
shorter. It is also interesting to note that at both 10° and 40°C. swellings 
were produced in the growing region of the root, similar in gross and micro- 
scopic appearance to the familiar colchicine ‘ttumors’’ which a number of 
authors have described. This is perhaps another reflection of the breaking 
down of growth correlations, beyond the limits of temperature compensation. 
Although I would like to submit these temperature data as evidence for the 
existence of an integrative mechanism in the growth of the root, our experi- 
ments give no information as to the nature of the mechanism. Neither would 
I wish to predict that these correlations would hold under other kinds of ex- 
perimental treatment, such as changes in O, or CO, partial pressure, or nu- 
tritional factors, or the addition of growth-promoting or inhibiting substances. 


THE GROWTH OF THE ANTHER 


A second plant organ which I would like to discuss is the anther of Lilium 
longiflorum. In a study of the growth of the floral parts several years ago 
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(Erickson, 1948), it appeared that the flower bud increases in length quite 
precisely exponentially from the time it can be measured readily without dis- 
section of the plant, until shortly before anthesis. In other words, the loga- 
rithm of bud length is linearly related to time. Since the anthers and other 
floral parts are tightly enclosed within the bud, direct growth measurements 
on these organs would have required opening buds and sealing them in such 
a way that growth would not be altered for subsequent measurements. This 
did not appear feasible. Instead, buds of various lengths were dissected and 
measurements of the anthers and other organs were made. These measure- 
ments were plotted against bud length, to yield what were in effect growth 
curves. Figure 5, a plot of anther length vs. bud length on logarithmic paper, 
will serve as an example. The growth of the anther clearly falls into two 
phases, in both of which log anther length appears to be linearly related to 
log bud length. Graphs of this sort have, of course, been made for measure- 
ments of many kinds on a very great variety of growing, mature and fossil- 
ized organisms, since Huxley (1932) recommended the procedure. The slope 
of a line fitted to points on such a logarithmic plot has been variously 
termed the allometric, heterogonic or heteroauxetic coefficient. Huxley 
termed it the coefficient of constant growth partition, and regarded it as a 
ratio of the respective relative growth rates, dX/Xdt, for the two dimensions 
of the organism which are plotted. Although the allometric analysis is fre- 
quently applied in circumstances where this sort of growth interpretation is 
obscure (Kavanagh and Richards, 1942), the fact that many pairs of measure- 
ments on organisms approximate straight lines when plotted on logarithmic 
paper can be, and frequently is, cited as evidence for integration of growth 


processes. 
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In the case of the lily anthers (figure 5), the allometric coefficient relating 
anther length and bud length in the early phase of growth is 1.152. However, 
I should prefer to use another terminology, and refer to log bud length as a 
developmental index for the flower bud and its parts. Since growth data were 
obtained for the flower bud, this graph can be interpreted as a growth curve 
in rather precise terms. The average relative rate of elongation of the bud, 
dL,/Lpdt, or dlnL},/dt, under greenhouse conditions was found to be 0.0765 
per day. Multiplying this by the rate of change of log anther length with log 
bud length, dlnL,/dlnL, = 1.152, gives an estimate of the relative rate of 
elongation of the anther, dinL,/dt, of 0.0882 per day during its early phase 
of growth. The same was done for the later phase of growth in length, for 
fresh and dry weights of anthers, for measurements on the pistil, etc. 

It should be noted that this study of Lilium was done with material grown 
under ordinary greenhouse conditions, with the usual fluctuations in tempera- 
ture, light and other variables. No good data on the effect of these variables 
on growth rates has been obtained, but the daily increment of log bud length, 
averaged for several buds, varies greatly from day to day, sometimes by a 
factor of two or more. In spite of this fluctuation, the growth rates of organs 
within the flower bud are quite precisely correlated with the growth rate of 
the bud as a whole. As a matter of fact, it appears that the use of log bud 
length as a developmental index in this manner, serves to cancel out a large 
part of the variability in growth caused by environmental variability. 

The lily anther has been particularly uséful in metabolic and chemical 
studies of the dividing microsporocytes and microspores which it contains. 
These cells undergo meiosis and mitosis, respectively, with a high degree 
of synchrony, and it was shown (Erickson, 1948) that these cytological 
events are also precisely correlated with log bud length (figure 6). Respira- 
tory rates of whole anthers (Erickson, 1947) and of isolated microspores 
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(Nasatir, 1958) have been determined and plotted against the logarithm of 
length of the bud from which the tissues were obtained. It appears from 
these data that the metabolism of the dividing cells, at the time of chromo- 
some separation, differs considerably from that at interphase, since the rate 
of oxygen uptake is very much lower. Stern (1956, 1958) has also studied 
the content of sulfhydryl compounds and ascorbic acid (Stern and Timonen, 
1954) in the anthers, and related these findings to the metabolic pattern. 
Valuable data have also been obtained on the deposition of nucleic acids 
within these cells in relation to their division by Ogur et al. (1951) and Tay- 
lor (1953). Foster and Stern (1958) have also studied changes in the content 
of free nucleotides in relation to microspore division. Although a discussion 
of these data, which are largely of cytological interest, would be beside the 
point of this paper, I would like to observe that the growth correlations 
which have been shown to exist in the lily flower bud have aided these 
studies considerably. 
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THE GROWTH OF THE SHOOT 


My final example concerns the vegetative growth of the shoot of a flower- 
ing plant. Our observations have been largely of the cocklebur, Xanthium 
sp. Since this is a short-day plant, it can be kept in strictly vegetative 
growth by supplementing the ordinary solar illumination of the greenhouse 
with artificial light, so as to give the plants 16 hours or more of light per 
day (Hamner and Bonner, 1938). Under these conditions leaves are pro- 
duced periodically, and with the exception of the cotyledons and the first 
pair of leaves, at approximately equal intervals of time. When leaf lengths 
are plotted against time, sigmoid growth curves are obtained. These curves 
are approximately exponential in the early stages, as is shown by figure 7 
in which logarithms of leaf length are plotted. The interval of time between 
formation of two successive leaves (or other organs) has long been termed a 
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plastochron by plant morphologists (Askenasy, 1880). We have defined the 
plastochron more precisely than is usually done, as the interval of time 
taken for two successive leaves to pass a given reference length (in the 
case of Xanthium 10 mm.), and have used it as the unit of a developmental 
index for processes involved in shoot growth. This plastochron index (Erick- 
son and Michelini, 1957) has the formula, n + log(L,/10)/log(L,/Ly + 1), 
where n is the number, in order of appearance, of that leaf which has just 
exceeded 10 mm. in length, and L, and Ly, are lengths in millimeters of 
that leaf and the next. We have shown that this index is linearly related to 
time and that it serves to specify the developmental status of a shoot with a 
standard error of a few hundredths of a plastochron. Since, in Xanthium 
grown in our greenhouse, the plastochron is about 3.5 to 4 days on the aver- 
age, this standard error amounts to only a few hours. A similar index for 
the development of the leaf is also useful. 
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Michelini (1958) has analyzed Xanthium leaves of widely different ages 
for several constituents, and plotted his data against the chronological age 
of the plants, as well as against the plastochron index of each leaf. His 
data on fresh and dry weights will serve as an example. When leaf fresh 
weight was plotted against days from planting of the seed, a virtually un- 
interpretable scatter of points resulted, as shown in figure 8, left, while the 
graph at the right indicates that the fresh and dry weights increase expo- 
nentially with plastochron age, that is with time, over an extended period of 
leaf development, during which the dry weight increases by a factor of 1,000 
or more. Maksymowych (1956, 1958) has also studied leaf development in 
Xanthium, with particular attention to cell division rates and the histoge- 

' netic processes involved in the development of the lamina of the leaf. The 
use of the leaf plastochron index has made it possible for him to calculate 
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time rates of these processes, which have hitherto been described only in 
qualitative terms. It should not be necessary at this point to elaborate the 
argument that this experience with the plastochron index implies that the 
growth of the shoot is a highly integrated phenomenon. 

It will be apparent that the methods which we have developed for studying 
the growth of the root, the anther and the shoot differ in their mathematical 
details, and in a sense lack generality. In each case, the method is tailored 
to the morphology and the growth pattern of the organ in question. In each 
case, however, a simple non-destructive measurement—distance from the tip 
of the root, length of the flower bud, or leaf length and number—serves as a 
developmental index. Various other measurements, histological observa- 
tions, metabolic data, etc., can then be related to time by way of the index. 
It should be possible, I believe, to find precise developmental indices for 
many organisms, both plant and animal, and their organs. However, since the 
form which the index might best take would in each case depend on the mor- 
phology and the pattern of growth, I would hesitate to generalize about how 
this could be done. 

While methods such as these are based on the assumption that growth is a 
highly integrated phenomenon, they should at the same time serve as pene- 
trating tools for investigation of the nature of the integrative mechanisms 
themselves. This, in my opinion, is an appropriate use of growth data. 


SUMMARY 


Studies of the temperature relations of cell division and cell elongation in 
the root of Zea, of the correlation of cytological and growth processes in the 
anther of Lilium, and of the vegetative shoot growth in Xanthium are cited as 
evidence of the existence of precise integrative mechanisms in the growth 
and development of plants. The existence of such integrative mechanisms 
allows one to devise precise developmental indices which should have great 
utility in developmental studies. 
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MULTIENZYME SYSTEMS* 


EFRAIM RACKER 


Division of Nutrition and Physiology, The Public Health Research 
Institute of the City of New York, Inc. 


The metabolism of the intact cell is carried out with the aid of a vast 
number of catalysts. There are three major types of intracellular catalysts: 
(1) the enzymes, mostly proteins of a molecular weight above 10,000; (2) the 
coenzymes, mostly nucleotides or peptides of a molecular weight below 
2,000; and (3) inorganic ions. How is integration and order established in 
this complex metabolic machinery? What are the means of communication 
and regulatory mechanisms which control the individual processes? 

The first degree of order is established by means of structure. The cell 
contains subcellular compartments such as the nucleus and the mitochondria 
which harbor characteristic sets of enzymes and coenzymes. Evidence is 
accumulating that the mitochondria and the microsomes, subcellular fractions 
obtained by differential centrifugation after disruption of the cell structure, 
are not homogenous; they can be further separated into particles of varying 
size with morphological and metabolic characteristic properties. Communi- 
cations between these intracellular compartments and intracellular control 
mechanisms which must function at great speed are likely to be established 
by small molecular substances that have the necessary mobility properties. 
Communications of graver significance and greater precision, such as infor- 
mation in respect to protein ‘biosynthesis, are more likely carried by larger 
molecular substances such as the ribose and deoxyribose nucleic acids. In 
addition to the enzymes contained within compartments, there is a multitude 
of enzymes which appear to be free-floating in the intracellular fluid. In 
most instances these enzymes catalyze simple degradative reactions while 
the more complex processes of degradation and the biosynthetic pathways 
are localized in specific structures. The enzymes of glycolysis, for example, 
do not seem to be bound to any structure and thus represent a mobile force 
which can carry an energy supply in the form of ATP,* the major intracellu- 
lar energy carrier, to various parts of the cell. In contrast, the ATP that is 
produced during oxidative phosphorylation in the mitochondria cannot be 
utilized efficiently, for example, for glucose phosphorylation (Wu and Racker, 


*Presented in the symposium on ‘‘Integrative Mechanisms in Biology’’ at the 
meeting of The American Society of Naturalists at Washington, D. C., December 29, 
1958. The experimental work discussed in this paper was supported by Gran No. 
C 3463 of the U. S. Public Health Service, National Institutes of Health, Bethesda, 
Maryland. 

*The following abbreviations were used: ATP, ADP and AMP for adenosine tri- 
phosphate, adenosine diphosphate and adenosine monophosphate; DPN and DPNH 
for oxidized and reduced diphosphopyridine nucleotide; FDP for fructose-1, 6-di- 
phosphate; PGA for 3-phosphoglyceric acid; G-3-p for glyceraldehyde-3-phos phate; 
Pi for inorganic orthophosphate. 
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1959). The order accomplished by the anchorage of catalysts is therefore 
not only restricted to the large molecular enzymes, but to a more limited ex- 
tent applies also to small molecular cofactors such as ATP. 


ANABOLISM AND CATABOLISM 


A second degree of order is accomplished by the cell in a functional divi- 
sion between synthetic or anabolic and degradative or catabolic pathways. 
Actually, our concepts of the relationship between anabolism and catabolism 
have undergone some cyclic changes. The sharp demarcation line once be- 
lieved to exist began to fade about 20 years ago when biochemists began to 
recognize the reversibility of most enzyme-catalyzed reactions. At the same 
time, experiments with isotopes led to the concept of a dynamic state of 
metabolism (Schoenheimer, 1942). The more cautious formulations of the 
originators were soon expanded to a concept of a continuous flux of reversi- 
ble enzymic reactions common to both anabolism and catabolism. However, 
in recent years the pendulum has started to swing back. The biochemists 
have learned to interpret with greater caution their data based on isotope ex- 
periments. They have also begun to recognize that the isolated enzyme is a 
member of a larger community—the multienzyme system—and they have 
learned to view the properties of the individual enzymes in the framework of 
the overall system. The biochemists discovered, and are still discovering, 
that synthetic and degradative pathways are distinct and that they are cata- 
lyzed by different multienzyme systems. Even when some of the individual 
enzymes are used in common for both anabolism and catabolism the two sys- 
tems are differentiated by at least one reaction which is usually irreversible 
and thus functions as a one-way gate. For example, the biosynthesis of 
carbohydrates during photosynthesis is catalyzed by a series of enzymes 
which co!laborate in a cyclic pathway, referred to as the reductive pentose 
phosphate cycle. Among them is ribulose diphosphate carboxylase, an en- 
zyme that catalyzes the CO, fixation to ribulose diphosphate resulting in 
the formation of two molecules of 3-phosphoglycerate. In spite of extensive 
efforts, it has not been possible to demonstrate with the most sensitive 
methods any reversibility of this reaction. The pathways of oxidative glu- 
cose degradation via the Krebs cycle contain also irreversible steps such 
as the oxidative decarboxylation of pyruvate and of a-ketoglutarate. The 
initial steps of fermentative glucose degradation consist of phosphorylation 
of glucose to fructose-1,6-diphosphate. These reactions are catalyzed by 
hexokinase and phosphofructokinase, and utilize ATP. To all practical pur- 
poses, these reactions can be also considered as irreversible. 

This separation of biosynthesis and degradation with the inclusion in each 
of at least one irreversible step offers opportunities for regulatory mecha- 
nisms which could n>t operate in freely reversible systems. 


PROPERTIES OF MULTIENZYME SYSTEMS 


A third degree of order is afforded by some of the properties of multien- 
zyme systems. Since our own investigations have been concerned with some 
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properties of multienzyme systems, I shall discuss them later in somewhat 
greater detail. In the course of studies of glycolysis in crude tissue ex- 
tracts and in reconstructed systems, we have become aware of problems that 
were not related to the properties of the individual enzymes but had to be 
interpreted in terms of the entire community of enzymes. We began to learn 
a little about certain socio-economic aspects of multienzyme systems, such 
as the delivery of substrates, demands for the products, availability of co- 
enzyme and inorganic ions. The individual enzyme had to be viewed in re- 
lation to those enzymes of its own community that are neighbors in function. 
It had to be evaluated in relation to competing or collaborating enzymes of 
other enzyme communities. The continuous flow of glycolysis requires 12 
enzymes, three cofactors, inorganic phosphate and an appropriate ionic en- 
vironment containing Mgtt and K*. The work is performed according to the 
principle of the belt system. The substrate is acted upon by a series of en- 
zymes in a sequential order. The compound passes from enzyme to enzyme 
undergoing specific alterations of its structure at each step. When a steady 
state is established the rate of the overall process is governed by the rate 
of the slowest reaction. Then each step proceeds at the same rate. This of 
course means that a slow enzyme is busy all of the time while an enzyme 
that is present in excess remains largely idle. It also means that the sub- 
strates acted upon by the slow enzymes are present at higher steady state 
concentrations than those reacting with the fast enzymes. It can therefore 
be predicted that a control mechanism which acts directly on an enzyme is 
more likely to be effective if it acts on the slowest enzyme, called the pace- 
maker of a multienzyme system, than if it affects an enzyme present in large 
excess. On the other hand,-a mechanism that controls at the substrate or at 
the coenzyme level is more likely to affect competitive enzymes which often 
are actually present in large excess. Under such conditions of competition, 
new facets of an enzyme may become manifest. Each enzyme is an indi- 
vidual. Its molecular size, its turnover number, its affinity for substrates 
and products, its reactivity with various forms of the coenzyme and with 
activating and inhibiting ions are among the determining factors of its per- 
formance. However, its capacity, which is defined as its rate at saturating 
substrate concentration, may in some instances be so high (in comparison 
with other enzymes of the same system) that even large fluctuations in its 
activity have no bearing on the rate of the overall process. Under such con- 
ditions, the physico-chemical properties of the enzyme recede into the back- 
ground. On the other hand, in the presence of specific inhibitors, or in the 
presence of competitive reactions for either substrate or cofactor, the en- 
zyme capacity and such physical properties as the affinity for substrate 
come very much into play. Only considerations of this kind permit us to de- 
tect some meaning behind the vast excesses of certain enzymes that are 
found to be present in cells (Wu and Racker, 1959). The amounts of indi- 
vidual enzymes in various cells are frequently so different that the proper- 
ties of the multienzyme systems actually diverge to an extent that a qualita- 
tively different pathway appears to be operative. 
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In the reaction sequence from A to G catalyzed by enzymes (a) to (f), as 
shown below: 


f 


a b c d e 
Limiting Step: C @ D 


the rate of each step is influenced by a variety of factors. For example, the 
step from D to E is affected by the amount and turnover of enzyme (d). Since 
the reaction is reversible, the turnover of both the forward as well as the 
back reaction come into play. Since both reactions are dependent on the 
steady state concentration of their respective substrates D and E, the rate 
of formation of D and the rate of removal of E become decisive factors. Thus 
the properties of the functional neighbors, enzymes (c) and (e) affect the re- 
action catalyzed by enzyme (d). 

Let us now assume that enzyme (c) is a limiting factor of the overall proc- 
ess. Therefore, shortly after the initiation of the reaction by addition of A, 
it will be possible to demonstrate the accumulation of the intermediate C 
until the concentration reaches levels of saturation in respect to enzyme (c) 
at which point maximal rates are achieved. If at saturation of the enzyme 
the step is still rate-limiting a steady state will be achieved and the pace- 
maker (c) now works at its full capacity. If we introduce an inhibitor which 
eliminates as much as 80 per cent of enzyme (e), the effect on the overall 
system cannot be predicted unless we know the relative activities of enzyme 
(e) and pacemaker (c). If the capacity of enzyme (e) is some 50 times higher 
than that of enzyme (c), there may be no effect at all, but if enzyme (e) is 
only in slight excess of enzyme (c), the inhibition may be a very striking 
one. Thus the quantitative distribution of the enzymes in a multienzyme 
system may determine whether or not the overall system is susceptible to a 
given concentration of an inhibitor. For example, crude brain homogenates 
represent a system of glycolysis in which glyceraldehyde-3-phosphate de- 
hydrogenase is limiting. Therefore glycolysis is very susceptible to iodo- 
acetate or other reagents which inactivate glyceraldehyde-3-phosphate de- 
hydrogenase. Since brain homogenates contain a very active ATP-ase, the 
production of 1,3-diphosphoglycerate by glyceraldehyde-3-phosphate dehy- 
drogenase must be kept at a high rate in order to maintain the ATP level and 
thereby glucose phosphorylation. A depression of glyceraldehyde- 3-phos- 
phate dehydrogenase activity by as little as 10 per cent or 15 per cent, re- 
sults in a very pronounced inhibition of glucose but not of fructose-1,6-di- 
phosphate utilization, as shown in table 1. Thus the presence of the com- 
peting ATP-ase provides for a convenient amplification of glyceraldehyde-3- 
phosphate dehydrogenase activity that permits measurement of small changes 
which may have escaped detection by more direct measurements. In contrast, 
a system which contains a large excess of glyceraldehyde-3-phosphate de- 
hydrogenase need not be at all affected when a large proportion of it be- 
comes inactivated. Indeed, the above-described inhibition of the brain gly- 
colysis is readily overcome in the presence of an excess of crystalline 
glyceraldehyde- 3-phosphate dehydrogenase, as can also be seen from table 1. 
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TABLE 1 


Glycolysis inhibition in brain homogenates 


Substrate Addition Lac:ate 

umoles 
Glucose 2253 
Glucose Inhibitor 4.2 
Fructose-1 ,6-diphosphate 21.2 
Fructose-1 ,6-diphosphate Inhibitor 17.8 
Glucose Inhibitor + Z2ES 


glyceraldehyde-3-phos- 
phate dehydrogenase 


The glycolytic system does not only consist of a straight chain of enzyme 
catalyzed reactions, but it contains in addition two cyclic processes, one 
involving hydrogen and one involving phosphate transport. As shown in 
Scheme 1 below, the hydrogen cycle begins with the reduction of DPN by 
glyceraldehyde-3-phosphate. The product of this oxidation is phospho- 
glyceric acid which is converted to pyruvic acid. This compound in turn 
accept the hydrogen from DPNH and is reduced to lactic acid. 


SCHEME 1. HYDROGEN CYCLE IN GLYCOLYSIS 
R—CHO + DPN*+ — R—COOH + DPNH + H* 
DPNH + Ht + R—C=O — R—CHOH + DPN* 
R—CHO + R—C=0O — R—COOH + RCHOH 


The overall balance of the hydrogen cycle, which is now closed, represents 
a dismutation reaction of two keto groups, one being oxidized to an acid and 
the other reduced to an alcoholic group, DPN acting as a hydrogen carrier. 
When a cyclic regeneration of this nature is the limiting factor in a multi- 
enzyme system, the onset of the process may show a lag period followed by 
an autocatalytic curve until a steady state is reached. It is now well over 
30 years since it was first observed that fermenting yeast extracts show an 
induction period followed by an exponential phase. The lag period can be 
eliminated by the addition of acetaldehyde which serves as hydrogen ac- 
ceptor. Without added aldehyde it requires considerable time before the 
steady state concentration of acetaldeliyde that is required for maximal oper- 
ation of the hydrogen transport cycle is reached. 

The phosphate cycle is depicted in Scheme 2. 


SCHEME 2. PHOSPHATE CYCLE IN GLYCOLYSIS 


Glucose + 2 ATP — FDP + 2 ADP 

1 FDP — 2G-3-p 

2 G-3-p + 2 Pi+ 2 ADP — Z PGA + 2 ATP 
2 PGA + 2 ADP — 2 lactate + 2 ATP 


Glucose + 2 ADP + 2 Pi — 2 lactate + 2 ATP 
2 ATP — 2 ADP + 2 Pi 


— 
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Again we are dealing with a cyclic regeneration of a coenzyme component, 
ATP. The regeneration of ATP takes place at a late step in the multien- 
zyme system while its utilization actually occurs early during glucose phos- 
phorylation. By stretching our imagination as well as the nomenclature, we 
might consider this as a type of positive feedback. At the initiation of fer- 
mentation, if most of the adenine nucleotide is present as AMP, glycolysis 
proceeds at a slow rate. Again an exponential phase can be observed until 
the concentration of ATP reaches maximal values and a steady state of the 
phosphate cycle is established. As shown in Scheme 2, the balance of the 
phosphate cycle requires a continuous regeneration of ADP and Pi from ATP 
since this compound is formed in excess of what is required for glycolysis. 
We shall return shortly to this phosphate and ADP balance. 

To diverge for a moment, I would like to point out that an interesting vari- 
ant of this type of control mechanism has been proposed for the shunt path- 
way (Potter, 1959). The oxidation of glucose-6-phosphate by this pathway 
leads to the formation of 6-phosphogluconate. This compound has recently 
been shown to inhibit the enzyme hexose phosphate isomerase which chan- 
nels glucose-6-phosphate via fructose-6-phosphate into the fermentation 
pathway. Thus, by inhibiting a competitive system, 6-phosphogluconate 
channels the flow of glucose-6-phosphate in its own direction, a practice 
well known to microorganisms that produce antibiotics and not entirely un- 
known to the business world. 


COMPETITIVE PROCESSES 


In the phosphate cycle of glycolysis, ADP and Pi must be regenerated 
from ATP in order to allow the process to proceed at a continuous rate. 
There are numerous metabolic reactions, particularly in biosynthesis, that 
require ATP and convert it to inorganic phosphate and ADP. On the other 
hand, there is a major cellular process which requires both Pi and ADP, 
namely, the system of oxidative phosphorylation in mitochondria, and there- 
fore represents a competitive system. We have made attempts to study com- 
petitive processes in reconstructed systems and [| shall briefly summarize 
here a few of the findings. 

There are two phenomena observed in intact cells that represent regula- 
tory mechanisms of multienzyme systems, namely, the Pasteur effect and 
the Crabtree effect. The Pasteur effect is an inhibition of glycolysis by 
respiration; the Crabtree effect is an inhibition of respiration by glycolysis. 
The most. attractive theory currently in favor is based on the fact that in- 
organic phosphate and ADP are required for glycolysis as well as for respi-. 
ration. In the presence of air during oxidative phosphorylation competition 
for these small molecular substances can therefore take place. Most normal 
cells exhibit a Pasteur effect since the respiration system dominates the 
glycolytic system. However in many tumors which glycolyze rapidly, one 
can observe a pronounced Crabtree effect. 

We have reconstructed a glycolytic system with highly purified enzymes 
and added to it mitochondria in order to study the interplay of these two 
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multienzyme systems (Gatt and Racker, 1959). It was found that by adding 
an excess of glycolytic enzymes in the presence of limiting concentrations 
of ADP a pronounced inhibition of respiration, a Crabtree effect, was pro- 
duced. This inhibition was reversed if excess of adenine nucleotides or 
dinitrophenol was added. The latter compound is well known for permitting 
respiration to proceed in the absence of a phosphate acceptor system. An 
even simpler procedure for demonstrating a Crabtree effect was devised by 
the addition of phosphocreatine together with the crystalline enzyme crea- 
tine kinase. This system phosphorylates ADP to ATP, thus limiting the 
availability of ADP for respiration. 

If, instead of excess glycolytic enzymes, an excess of mitochondria was 
added a Crabtree effect was no longer observed, but instead an inhibition of 
glycolysis, a Pasteur effect, became apparent. When inorganic phosphate 
was used in limiting amounts it was necessary to add ATP-ase in order to 
regenerate Pi from ATP. There is a very fine balance which must be estab- 
lished between the rate of phosphorylation and dephosphorylation since 
either an excess or a deficit of ATP-ase prevents the continuous flow of 
glycolysis. The balance is in fact so delicate that the experiments on the 
Pasteur effect with limiting Pi are difficult to execute. However, by selec- 
tion of an appropriate time interval, one can observe a Pasteur effect, a pro- 
nounced inhibition of glycolysis in the presence of respiring mitochondria. 

Before closing, I would like to emphasize that I do not wish to give you 
the impression that these problems are simple and have been solved. We 
view these reconstruction experiments only as model systems which do not 
necessarily tell us what happens inside the cell. However, they permit us 
to investigate what we capnot readily explore in intact cells, namely, the 
effect of variation of the individual components. They also allow us to 
analyze interactions and competitions between individual enzymes and be- 
tween enzyme communities. Finally, they tell us under what conditions 
these control mechanisms can operate. Therefore they help us in designing 
meaningful experiments with intact cells which we hope will teach us some- 
thing about intracellular metabolic controls. 


SUMMARY 


Intact cells contain a vast number of catalysts that function in morpho- 
logically distinct compartments. Communication between these metabolic 
machineries is mainly accomplished by small molecular cellular constituents 
such as ions, metabolites and coenzymes. Inorganic orthophosphate in par- 
ticular seems to play a major role as a rate-limiting factor of carbohydrate 
metabolism in ascites tumor cells. The protein catalysts called enzymes 
are usually of a molecular weight about 10,000 and are assembled in func- 
tional communities called multienzyme systems. They may be mobile units 
such as represented by the fermentation pathway, or they may be firmly 
anchored in structures such as the mitochondria. A representative of a 
multienzyme system in mitochondria is the Krebs cycle which is responsible 
for the major respiratory activities of animal cells. Kinetic aspects of en- 
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zyme catalysis in multienzyme systems can sometimes be studied in vitro 
in reconstructed systems which consist of many highly purified enzymes. 
By variations of the composition of these reconstructed systems in respect 
to enzymes as well as to coenzymes and ions, it is possible to examine 
various possibilities of regulatory mechanisms, which control complex cy- 
clic metabolic pathways. 


LITERATURE CITED 


Gatt, S., and E. Racker, 1959, Regulatory mechanisms in carbohydrate me- 
tabolism. I. Crabtree effect in reconstructed systems, and II. Pas- 
teur effect in reconstructed systems. J. Biol. Chem. 234 (in press). 

Potter, V. R., 1959. In Ciba Foundation Symposium on regulation of cell 
metabolism (in press). 

Schoenheimer, R., 1942, The dynamic state of body constituents. Harvard 
University Press, Cambridge, Mass. 

Wu, R., and E. Racker, 1959, Regulatory mechanisms in carbohydrate me- 
tabolism. III. Limiting factors in glycolysis of ascites tumor cells. 
J. Biol. Chem. 234 (in press). 


Vol. XCIII, No. 871 The American Naturalist July-August, 1959 


INFORMATION THEORY OF BIOLOGICAL INTEGRATION* 


HENRY QUASTLER 


Biology Department, Brookhaven National Laboratory,t Upton, New York 


In his letter of invitation to this symposium, Jack Schultz stated a problem 
to be discussed: ‘‘At the present time, in a variety of different fields, analy- 
sis of the components of biological systems has made sufficient progress to 
permit asking the question, ‘to what extent does the knowledge of the sepa- 
rate component reactions allow us to understand their integrated use in the 
function of the whole system?’’’ The preceding speakers have given lucid 
expositions of the working of integrative mechanisms in particular fields. 
These fields, however, are separated from each other by vast areas of igno- 
rance. Theoretical biology may be called upon to provide temporary bridges 
between the isolated fields. In the past, such theorizing could have been 
little moze than vague speculation. However, recent developments in applied 
mathematics have made it possible to give precise and sometimes quantita- 
tive meanings to concepts such as organization and integration. With the 
aid of these tools, a theory of biological integration has been developed 
which yields a precise, general, and somewhat surprising answer to Jack 
Schultz’ question: ‘‘Knowledge of the separate component reactions supplies 
knowledge of their integrated function in a system only to a limited degree. 
The remaining uncertainty is directly related to the system’s ability to with- 
stand injury.’’ 

In the first part of this lecture, integration, as illustrated in the preceding 
lectures, is related to degree of coherence within the parts of a system and 
between them, and a quantitative index of integration is derived. In the next 
part, another aspect of biological organization, feature sampling, is dis- 
cussed. Integration and feature sampling are correlated ir the third section, 
and specific hypotheses are introduced, leading to a specific theory of bio- 
logical integration. In the last section, the theory proposed is developed 
into a theory of system failure, which is then tested against experimental 
data. 


INTEGRATION AND DEGREE OF COHERENCE 


‘*To integrate’’ means to pull together. An integrated system is one whose 
parts are pulled together closely—more closely than necessary—a system 
with more internal coherence and order than the minimum required to hold it 
together. Living things seem to be such systems. They are highly ordered, 


*Presented in the symposium on ‘Integrative Mechanisms in Biology’’ at the 
meeting of the American Society of Naturalists at Washington, D. C., December 29, 
1958. 

TtResearch carried out at Brookhaven National Laboratory under the auspices of 
the U. S. Atomic Energy Commission. 
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hierarchical organizations, in which each organizational unit is a system of 
distinct but highly related parts, and is itself related, actually or potentially, 
to similar units to form an organizational unit of a higher order. Jack Schultz 
(1959, p. 209) has described how biologists have been fascinated first by 
the degree of unity and internal coherence in each cell and later on by the 
close relations between cells, and subsequently by the unit character of 
function of a gene and, later on, by the interaction between genes. 


A. Coherence within Units 


Integration within parts is most clearly seen when the parts are structural 
units such as cells or organelles. Some enzyme systems are made coherent 
simply by being together within a subcellular compartment (Racker, 1959, 
p. 237); the soma of motoneurones combines the effects induced by all im- 
pingement present during a certain time interval (Fuortes, 1959, p. 220). The 
same principle applies equally where the unit is a functional one, such as 
the function of growth. Consider, for example, Erickson’s (1959) studies on 
integration of growth (p. 225). In the first, he describes the effect of tem- 
perature on root growth in general and on two factors, cell division and cell 
elongation. Both these processes result from varied and complex reactions, 
they differ greatly from each other, and as a rule do not occur together in a 
cell; The rate of each process is greatly affected by temperature, and it 
would not be surprising if each were affected to a different degree. This is 
found to be the case at 10° and at 40°C, both temperatures compatible with 
ordérly growth, at least during the period of observation. However, between 
15° and 35°C, the temperature effects on rates of cell division and cell 
elongation are compensated so as to result in the production of cells of the 
same size. This indicates a coherence between separate functions in the 
system that seems to be stricter than absolutely necessary judging from the 
lack of such coherence at 10° and 40°C, and illustrates precisely what is 
meant by calling growth an integrated process. .- 

In Erickson’s other studies (1959, p. 229), plants were grown under ordi- 
nary greenhouse conditions, without close control of temperature and light, 
and several different developmental processes were observed. As evidence 
of the effects of environmental fluctuations, data collected in several ex- 
periments show widely scattered relations between time elapsed and result-. 
ing development. However, there is coordination between various aspects of 
development within each individual plant; the scatter largely disappears 
when one developmental parameter is plotted against another. 

In a general way, the effects of integration within a system can be meas- 
ured as follows. Consider a system made up of N interrelated parts, where 
these parts may be structures or functions. Each part can assume a finite 
number of discrete states; let r; be the number of states which the it* part 
can assume. The state of the whole system is the configuration of the states 
of all its parts. If the parts are independent (that is, form an incoherent as- 
sembly), there will be 


— 
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such configurations. Substitution of the geometric mean, 


N 
Ra 


yields 
(1) number of possible configurations = RN. 


In a coherent system some of the configurations will be incompatible, for ex- 
ample, a very high rate of cell elongation is incompatible with a very low 
rate of cell division; in an integrated system some of the compatible con- 
figurations either will not occur or will not be functional. Let 


_ number of effective configurations 
number of possible configurations 


where c has an upper bound of 1.0 and a lower bound of R~N. (In the latter 
case only one configuration is effective.) Substitution of 


a =—log c/(N log R) 
yields 
(2) number of effective configurations = R(1~4@)N, 


The parameter a is an index of integration; its upper bound (corresponding to 
the minimum of c) is 1.0, and pertains if the system is so rigidly integrated 
that it allows only one effective configuration; its lower bound (correspond- 
ing to c=1.0) is zero, in which case all possible configurations are effective. 


B. Goherence between Units 


Coherence between units is exhibited by the degree to which they affect 
each other’s performance. Even the chemically defined activity of a single 
enzyme species is affected by competing or collaborating enzymes present 
in the same community (Racker, 1959, p. 239); genetic factors are mutually 
controlled (Schultz, 1959, p. 210). Interaction between cells has been studied 
in greatest detail with nerve cells; even the simplest reflex is affected by 
several cells, the interactions between cells taking the forms of facilitation, 
occlusion, inhibition and temporal summation (Fuortes, 1959, p. 215). 

Any system consisting of separate parts must show some coherence be- 
tween the parts if it is to be a system rather than a loose assembly. Since 
integration means coherence beyond the minimum necessary, the question is 
whether there is more interaction between enzymes, genetic units, and cells 
than is absolutely needed. The answer is tentatively affirmative. Enzymes 
can be taken out of their context and still catalyze successfully. Cells can 
be taken out of their context and still function, at least to some degree. It 
is at least possible that enzymes, genes, and cells could perform their func: 
tions much more independently of each other than is actually the case; for 
each of these units, considerable independence has indeed been postulated 
in the past (Schultz, 1959, p. 209). 
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It thus seems that integration between units, as well as within units, is a 
real phenomenon. In the formal terms used above, the two aspects of inte- 
gration are equivalent: R will be the range of states which a particular unit 
can assume, and R(1~@) the range of states effective in an integrated sys- 
tem. The effect of integration appears, again, as a narrowing of possible 
variety. 


FEATURE SAMPLING 


Integration between parts implies that the activity of every part in an inte- 
grated system depends on several other parts plus, for some parts, certain 
factors in the environment. The activity of any part can be analyzed into a 
series of discrete unit processes, where the unit is taken large enough to in- 
clude the prehending of an input and the generation of an output, plus the 
intervening operations. Examples of such unit processes are the psychologi- 
cal ‘‘moment’’ and, at the chemical end of the organizational scale, the 
chemical unit process comprising collision, formation of an activated conm- 
plex, and dissociation. In an integrated system, the input for every unit 
process will tend to come from several sources; in other words, in integrated 
systems, inputs are compound. 

It is a fact that all biological activities, no matter how simple, tend to 
have compound inputs. Thus, the genetic determination of all, or at least 
most, characteristics is affected by several loci; typical physiological regu- 
lations like that of blood pressure, water content, and temperature involve 
several interacting systems; chemically active substances tend to show two 
or three active centers. 

However, not every component of a compound input is effective in every 
instance. The psychological Gestalt involves only a fraction of the stimulus 
features; the antigenic activity of insulin seems to depend on only three 
amino acids; enzymatic activities are controlled by a fraction of the mole- 
cule; the existence of antimetabolites implies that only parts of metabolites 
determine their input action, specifically, those parts that can be mimicked 
by the antimetabolites. 

The effects of a compound input are mediated by only some of its features, 
and not always by the same ones. Thus, in psychological recognition proc- 
esses, the same object is often recognized by different people on the basis 
of different traits; comparable physiological regulations are affected by dif- 
ferent components in different situations; in different species, different anti- 
metabolites are found to be active against the same metabolite, which im- 
plies that different parts of the metabolite must be involved in its action. 

It appears to be a common phenomenon for a compound input to produce its 
effect through a sample of its features. However, the process does not have 
@ common name. ‘‘Gestalt perception’’ and ‘‘pattern recognition’’ denote the 
phenomenon discussed but do not sound very appropriate in connection with 
chemical processes. We will use the term feature sampling but are very will- 
ing to substitute a better term if one is suggested. 


\ 
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Feature sampling results in a reduction of the range of effectively differ- 
ent inputs. Consider a particular unit so connected within the system that 
it is affected by N other parts; then its compound inputs could be configura- 
tions with N components or features. If R is the effective number of dis- 
tinguishable states per component, then the total number of possible input 
configurations will be RN. Let a sampling index, b, be defined as the frac- 
tion of features sampled: 


b = (number of features sampled)/N. 


Then, each configuration will be represented by a ‘‘signature’’ with bN 
features. 

With each signature are associated several input configurations, namely, 
al] those that are identical with respect to the sampled features and differ 
only in the features not sampled. These may be called an equi-signature set, 
which contains the configurations differing in (1 —6)N features, each with R 
possible states; hence 


(3) number of configurations in an equi-signature set = R(1—4)N, 


Since a signature prehended is compatible with a number of configurations, 
it is equivocal. Equivocation implies potential failure to discriminate be- 
tween different input configurations. If this should happen in a case where 
the two input configurations call for different responses, then malfunction 
will ensue. 

Since feature sampling is potentially harmful, one may speculate about its 
function. It seems to be a device to achieve, with parts of limited capa- 
bility of prehension, rich interconnections between parts at the cost of some 
equivocation. If each part had the ability to prehend completely the state of 
the entire system, then feature sampling would hardly occur. 


INTEGRATION AND FEATURE SAMPLING COMBINED 


Feature sampling reduces the range of situations that can be effectively 
sensed. Integration reduces the range of situations likely to present them- 
selves. Properly balanced, the two phenomena can compensate for each 
other. For instance, prehending only the ‘‘signature’’ of a metabolite is 
quite adequate under normal circumstances, when the combination of features 
prehended is not found in any other substance; in some cases, only the intro- 
duction of artificial antimetabolites brings out the equivocation. Similarly, 
among the features normally associated with low oxygen concentration, the 
respiratory center seems to prehend only the increase in CO, concentration; 
the resulting equivocation is harmless as long as CO, and QO tensions are 
properly integrated. 

In the parlance of information theory, equivocation caused by feature sam- 
pling reduces the amount of input information actually prehended; this would 
necessarily lead to malfunction if the loss of information were not compen- 
sated for by some redundancy in the input information. Redundancy is pro- 
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vided by integration, which reduces the number of input configurations ac- 
tually effective without reducing their complexity. Thus, the restriction of 
information content by integration can protect against the loss of information 
by feature sampling. Streamlined systems could be imagined in which input 
variety and prehending capabilities were exactly matched; however, such 
systems would be inflexible, not self-repairing, and incapable of dealing 
with unexpected changes in the environment. 

The effectiveness of redundant information depends very much on the way 
it is distributed. The problem of finding optimum distributions can entail 
great difficulties with systems of only moderate complexity. However, it can 
be shown that an efficient distribution of redundant information is very 
easily approximated in systems of very great complexity. If the number of 
components in input configurations is large, and only a small fraction of the 
possible configurations is to be effective, then nearly optimal results can be 
achieved simply by random sampling. Let us consider a system so organ- 
ized in which 


(i) the effective configurations are a random sample of all possible con- 
figurations, and 

(ii) the components of a signature are a random sample of the components 
of the input configurations. 


These hypothetical conditions are extremes which can hardly be completely 
realized in any living system. However, since they lead to near-optimum 
solutions, it may be assumed that they come close to representing the actual 
organization of complex living systems. At any rate, computations based on 
the propositions stated are not much affected by moderate deviations from 
randomness. 

Given the two propositions stated above and the definitions previously 
used, the probability of malfunction can be computed as a function of the 
system size (N and R), the sampling index (b), and the integration index (a)? 
This is done as follows: 

Consider a particular part of the system, and its ‘input system,’’ that is, 
all other parts (inside and outside the system) that are potential contributors 
to its inputs. Application of Equations (1), (2), and (3) to the input system 
yields 


(4a) number of possible input configurations = RN; 

(4b) number of effective input configurations = R(1~4@)N; 

(4c) number of configurations in an equi-signature set = R(1—4)N, 
Malfunction is bound to occur if the chosen signature of qne effective input 


configuration is also proper to another effective input configuration. The 
probability of this event is simply that of an effective configuration other 


*Actually, the relative probabilities of the various input configurations and sam- 
pling procedures are also needed. In the present case all probabilities are assumed 
to be equal. Unequal probabilities complicate the derivation but do not introduce any 
basic difference; they will result in the R’s being replaced by functions of the proba- 
bilities. 
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than the defining one falling into the equi-signature set. Under the hypothe- 
sis of random sampling 
(5a) probability of any given input configuration belonging to a given 
equi-signature set = R(1—4)N/RN = R-ON, 


hence 


(5b) probability of at least one effective input configuration belonging 
to a given equi-signature set = 


For the system to be functional at all, this probability must be less than 
unity, and this will be the case if 


(a+ b)>1. 


Hence, a high sampling ratio can compensate for a low integration index, 
and vice versa. 

The probability of malfunction occurring during a given unit of time, p, 
will be proportional to the probability of a harmful equivocation: 

(6) p= C 

where n = (a+ 6)-—1 and C is a frequency factor relating absolute time to 
the unit of time or performance with respect to which equivocation is defined.’ 

To return to Jack Schultz’s question concerning knowledge of separate 
component reactions and their integrated use in the system, the reactions of 
each component are expressed in the range R of states it can assume; its 
system functions by its participation in effective input configurations. The 
number of functionally effective configurations is R(1-@)N, This is equiva- 
lent to reducing the range of effectively different states from R to R(1~ 2). 
Under the hypothesis of random sampling it is uncertain which R(1~4) items 
are selected from the total R to be functionally effective, and this uncer- 
tainty will become greater as the ratio R/R(1~4) = R@ increases. On the 
other hand, the greater this ratio, the less the probability of equivocation 
[Equation (5)], which can be written as 


R(-})/RaN, 


Hence, uncertainty as to integrated use is relatedtothe stability of a system. 


INFORMATION THEORY OF SYSTEMS FAILURE 


So far, a theory of biological organization has been developed which is of 
appealing simplicity and consistent with known facts. However, since bi- 
ology consists of an enormous body of poorly related facts, it is neither dif- 
ficult nor meritorious to find some facts consistent with almost any theory. 
To be interesting, a-theory must be interpreted and developed in such a way 
that it can be tested directly against observed facts which were not selected 


*Equation (6) is the relation, familiar in information theory, between the proba- 
bility of a message being misunderstood, «4, the number of independent sympols in 
the message, N, and 7, which is a function of the total functional capabilities per 
symbol and the degree to which they are used for internal stabilization. 
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to fit it. The theory here proposed can be so tested by applying it to de- 
rive a relation between doses of injurious agents and probability of system 
failure. 

Consider such system failures of the type due to perturbations of the or- 
derly coordination of parts in the system. Such perturbations could be due 
to an input prehended being different from the one actually presented, or to 
an output generated which is not the one called for by the input prehended. 
Seen from outside, the two mechanisms are indistinguishable, and can both 
be subsumed under erroneous input prehension. All such failures can be con- 
sidered as due to equivocation. Some failures will be more important than 
others; but such differences will be neglected, and only the overall proba- 
bility of failure due to equivocation will be investigated here. This ap- 
proach characterizes the theory as an information theory of system failure. 

According to Equation (6), the probability of malfunction depends on com- 
ponent variety R, integration a, sampling ratio b, and system size N. Of 
these factors, the first three are likely to be rather basic properties of a 
system, less easily changed than the size N. It is therefore assumed that 
the effect of many injurious agents operates through destruction of compo- 
nents. The simplest assumption concerning the kinetics of this destruction 
process is that it is first order: 


—t/t 
N, = Noe /to 
where N, is the number of components remaining after a dose t of the injuri- 


ous agent has been administered, and t, is simply a scale factor. 
Substitution of this relation into Equation (7) yields 


py 


or, setting R~7No = 


(7) = t/to 


If the injurious agent is administered acutely and the response is observed 
until all transients have died out, C becomes unity. Taking the negative 
logarithm twice gives the equation of a straight line: 


—1n(—1n) p, = —1nv + (t/t,). 


This relation has been checked, so far, against 74 sets of data taken from 
the literature, from the notebooks of my colleague Dr. Easterday, and from 
my own notebooks. The data were not selected in any way: all data were 
used which showed a relation between a quantal response and the dose of 
an injurious agent and included a sufficient number of observations to make 
the curve statistically significant. Of these data, 69 sets yield straight 
lines, three sets can be fitted by two lines, and two give no straight-line 
fit. Of the three two-line sets, in two cases it is known that two different 
modes of death are involved, each associated with one straight-line seg- 
ment. The third case has not been analyzed in this way. Four examples 
are shown in figure 1. 


FRACTION WITH TUMORS 
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FIGURE 1. Examples of the donble-log transformation: minus log. of minus log. 
of fraction reacting vs. dose. The three sets of mortality data are from (unpublished) 
acute toxicity studies of Dr. O. Easterday; the cancer incidence data, from W. R. 
Bryan and M. B. Shimkin, Jour. Nat. Cancer Inst. 3: 503 (1943). 
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The fit on the double-log scale is not to be confused with the much less 
critical fit on a log-log scale. As the figure shows, experimental data cover 
roughly six units on the transformed scale, and moderate variations in per- 
centage occurrence would be quite sufficient to destroy the straight-line re- 
lation. The transformation used is somewhat similar to the probit scale. In 
both cases, equal percentage differences correspond to comparatively short 
distances at the center of the scale and to increasingly longer distances at 
very high and very low percentages. The probit scale has its center at 50 
per cent, and distances between successive scale intervals expand symmet- 
rically on both sides. The double-log scale is centered at 1/e, and expands 
at high percentages more rapidly than at low ones. Accordingly, any set of 
data that fits a probit-/og dose relation fairly well is bound to give a com- 
parative fit on a double-log vs. dose (not log dose) grid. There is, however, 
a fundamental difference between the two kinds of fits: the probit-log dose 
relation was arrived at empirically, as a transformation which tends to nor- 
malize dose-response relations; the double-log transformation is based on 
theory and was arrived at without any prior reference to data. 


SUMMARY 


Two phenomena are commonly observed in complex systems: integration, 
or the restriction of possible configurations of the system through strong 
coherence between its parts; and feature sampling, or the restriction of func- 
tional significance to a fraction of the aspects (the ‘‘signature’’) of a com- 
plex configuration. The two effects complement each other: integration 
means over-determination of systems configurations, and feature sampling, 
under-evaluation. The stability of a system depends on degree and kind of 
both effects. Assuming the specification of admissible configurations, and 
of signatures, to be random, the degree of both effects alone determines the 
stability. This hypothesis leads to a mathematical relation between proba- 
bility of systems failure and dose of some injurious agent. The relation 
found fits a wide variety of experimental data. 
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PROLOGUE 


Although the success or failure of a plant depends upon all of its relations 
with its environment taken together, sometimes a single aspect of this rela- 
tionship, applying perhaps to a single stage in its life-cycle, may be crucial. 
This is not a new suggestion. It has been tacitly assumed by many bota- 
nists, and is a central plank in Good’s Theory of Tolerance (Good, 1931, 
1947). However, by seeking out these crucial stages, and discovering how 
the environmental factors controlling them have varied in the past, we may 
be provided with valuable information concerning the history of the taxa in- 
volved and, possibly, of the floristic elements which include them. It is 
the purpose of this paper to show that some of these data are available al- 
ready and to indicate the manner in which further data may be sought. 

Four stages may be distinguished in the life-cycle of a higher plant spe- 
cies and each of these could be further subdivided: 

1) Vegetative growth; 

2) Flowering and seed-formation; 

3) Dispersal of propagules to suitable sites; 

4) Re-establishment, either in the same station or in a new one. 

The failure of a particular taxon to cope successfully with any one of 
these stages must mean its eventual elimination from the flora, although it 
must be remembered that some plants of great longevity, such as some co- 
niferous trees, are probably capable of living for hundreds, even thousands 
of years in situations where they may be unable to reproduce at a rate ade- 
quate for their ultimate replacement. 

It is probably true, for most plants, that the range of conditions within 
which successful reproduction and establishment can take place is much 
narrower than that within which vegetative growth is permitted. Conse- 
quently the former are probably more often critical. Thus, an inspired at- 
tempt is being made to discover the climatic causes of the progressive geo- 
graphical restriction of Metasequoia glyptostroboides Hu & Cheng since the 
early Tertiary, by the planting of trees ina variety of regions in the Northern 
Hemisphere (Chaney, 1950-1952). Here, a better indication will be given of 
the range of tolerance possessed by the species when it can be seen where it 
can reproduce itself regularly than is given by the wide variety of climates in 

*Slightly expanded from a paper presented to a symposium on ‘‘The Impact of 


Population Studies on Ecology’’ at the A. I. B. S. meetings, Bloomington, Indiana, 
August 27, 1958. 
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which carefully planted, previously rooted cuttings have already been found 
to grow. On the other hand, it must also be admitted that the result may then 
be too narrow, for a different reason, because the sample of biotypes availa- 
ble for experimentation nowadays is only a fraction of those which were 
available to the species in its hey-day. Depletion of biotypes almost cer- 
tainly means reduction in the range of ecological tolerance. 

Despite such limitations, however, autecological observations and experi- 
ments can sometimes provide what appears to be adequate evidence for the 
arbitration of conflicting arguments. 


THE LUSITANIAN ELEMENT OF THE BRITISH FLORA IN RELATION TO GLACIATION 


No other element in the flora of the British Isles has been the subject of 
greater speculation than the so-called ‘‘Lusitanian’’ or ‘‘Asturian’’ element. 
These species have a strikingly disjunct distribution with their headquarters 
in Spain and Portugal but with outlying stations in the western part of the 
British Isles, particularly in western Ireland (cf. Forbes, 1846; Matthews, 
1926, 1937; etc.). 

It has been suggested that, in their British and Irish stations, these 
plants give evidence of a survival from interglacial or even preglacial times, 
their western situation in the British Isles at the present day indicating how 
they might have escaped destruction by the ice on nunataks or on an ungla- 
ciated fringe of the European continent (Forbes, 1846; Praeger, 1932; Wil- 
mott, 1930, 1935; Du Rietz, 1935; etc.). At the opposite extreme, however, 
others have contended that their disjunct distributions are the result of re- 
cent, chance introductions into those parts of the British Isles which, at 
present, enjoy the mildest winter climates (C. Reid, 1899, 1912; Salisbury, 
1935; etc.). Such a stalemate could only be broken by experimental] work, 
which, for some species, has now been done and it seems (as so often is the 
case) that neither of the extreme views is correct and the truth is to be 
found somewhere in between. 

Although the Strawberry Tree, Arbutus unedo L., is not strictly a Lusi- 
tanian species, having a wide distribution in Mediterranean Europe, its At- 
lantic Coast distribution north of southern France includes only one small 
area in Brittany and two, close together, in western Ireland (figure 1). Its his- 
tory in western Europe seems very likely to be similar to that of the true 
Lusitanians and, indeed, it is often grouped with them in a ‘‘Lusitanian- 
Mediterranean element’’ in the British flora (cf. Godwin, 1956). 

Dr. J. R. Sealy, of the Royal Botanic Gardens, Kew, and Professor A. D. 
Webb, of Trinity College, Dublin, have each studied the autecology of Arbu- 
tus unedo (Sealy, 1949; Sealy and Webb, 1950). They found that it is cer- 
tainly not a recent immigrant into Ireland and its range has actually de- 
creased during the last few centuries. However, no satisfactory fossil re- 
mains have yet been found. These authors have counted annual rings and 
have shown that individual trunks may be at least 400 years old and, as a 
dying trunk may be replaced by new growth from the base, an individual 
plant may be much older still. The youngest tree seen growing under natural 


PLANT MIGRATIONS 257 


conditions in Ireland was about 25 years old. Consequently, relatively few 
generations may have been passed through in an existing popu-ation even 
though the annual output of seeds is tremendous. 

The crucial factor in the distribution of Arbutus unedo may be its sensi- 
tivity to low winter temperatures. From observations made at Kew on culti- 
vated plants, Sealy (1949) has suggested that the 40°F mean January iso- 
therm approximates to the climatic limit for regeneration of this species in 
northwestern Europe. Mature trees are partially hardy but seedlings in their 
first few years are considerably more sensitive. Furthermore, cold winters, 
even when insufficient to kill trees, reduce the output of seed in the follow- 
ing spring (the fruits take 13 to 14 months to mature). 


bs 
4 


FIGURE 1. Approximate limits of the natural distribution of Arbutus unedo L. 
in Europe (redrawn from Sealy, 1949; Sealy and Webb, 1950). ' 


With these facts in mind, we can see that Arbutus unedo, which is hard 
put to maintain its position today, could not possibly have survived in its 
present Irish stations through a period of glaciation. It seems most probable 
that it migrated northwards into Ireland along the Atlantic seaboard rela- 
tively early in Post-Glacial time, a conclusion which fits with the ‘‘moder- 
ate’’ conclusions regarding the Lusitanian species drawn from phytogeo- 
gtaphic studies by Stapf (1914) and Matthews (1926) and an analysis of fos- 
sil remains by Jessen (1949). 

A similar picture emerges from the lesser amounts of work which have - 
been done with other, true Lusitanian species. Euphorbia byberna Bab., 
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although known from fossil remains to have been present in the British Isles 
during an interglacial period (E. M. Reid and Chandler, 1923) also could not 
have survived glaciation in its present Irish stations. In this case, how- 
ever, it is another stage in the life-cycle which gives us the clue. Although 
Euphorbia byberna flowers in Ireland, it fails to set seed in cultivation even 
as Near to its native areas as in Dublin (Webb, quoted by Heslop Harrison, 
1953). It must be presumed that conditions were more favorable for this 
species in the past, possibly at their best during the so-called ‘‘Climatic 
Optimum,’’ some 6,000-8,000 years ago (Godwin, 1956), but clearly the spe- 
cies could not have survived the rigors of glaciation. 

Nevertheless, once again the need for care in the interpretation of such 
observations must be emphasized. Another Lusitanian species, Erica 
mackaiana Bab., also remains sterile in Ireland, but when pollinated by 
Spanish plants the Irish ones set seed (Webb, 1958). In addition, hybrids 
with E. tetralix L. have been recorded from the two small populations where 
it occurs (Webb, 1955). It would appear that the tiny Irish populations of E. 
mackaiana have been reduced to self-incompatible clones. Incidentally, 
this demonstration of seii-incompatibility in a species of Erica may be the 
first for the genus, if not for the family Ericaceae (cf. East, 1940). 

Whereas. a lack of hardiness in present-day Irish representatives of Lusi- 
tanian species probably truly indicates their inability to survive in close 
proximity to a continental ice-sheet (for they are the most northerly), it must 
not be assumed that tests made with material from elsewhere would give a 
similarly truthful picture. Thus, Wilmott (1935) reported that plants of Saxi- 
fraga ‘‘umbrosa’’ (probably S. spathularis Brot.) from Ireland survived two 
severe winters in cultivation in London while plants from the Pyrenees 
grown alongside succumbed. This behavior appears to reflect an ecotypical 
difference between the samples. 

The relation between distribution and winter hardiness is clearest in the 
case of the so-called ‘‘winter annuals.’’ A striking example in the European 
flora is provided by Ranunculus parviflorus L. Salisbury (1931) showed that 
the seeds of this plant exhibit ‘‘simultaneous’’ germination in the autumn. 
Consequently if, later, all the seedlings of a particular crop are killed by a 
severe frost (to which they are notably susceptible) the species is elimi- 
nated from the area. This alone is sufficient to explain the restriction of 
the species to Atlantic Europe and, within the British Isles, its greater 
abundance in the southwest (see map in Salisbury, 1931). Although it is 
known from interglacial deposits in southern England, clearly it must have 
been eliminated from. the flora during glaciations and have immigrated again 
subsequently. 

Interestingly, Ranunculus parviflorus is most common on calcareous soils 
but experimental cultures have shown that its growth is better on soils with 
a low calcium content, and the contrary picture in nature is probably due to 
the comparative dryness and warmth of the calcareous soils in winter and to 
the paucity of tall grasses and herbs in their flora. 
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PLANTS OF OPEN SPACES, ESPECIALLY WEEDS 


A quarter of a century ago Salisbury (1932) suggested, on the basis of 
autecological observations made upon some British weeds, that far from 
having been introduced into Britain along with the Neolithic pioneers of 
settled agriculture (who entered from Europe some four or five thousand 
years ago), these weeds could have been native on the morainic deposits 
which were uncovered at the retreat of the Glacial ice. Subsequently, ex- 
tensive finds of fossil leaves, fruits and pollen have demonstrated the truth 
of this supposition and have shown that such familiar anthropophytes as 
Plantago lanceolata L. and P. major L., Ranunculus acris L., Rumex ace- 
tosella agg., Sonchus arvensis L. and Taraxacum officinale agg. were all 
members of the Full or Late Glacial floras of the British Isles (Godwin, 1956). 

With the subsequent return to Britain of the closed grasslands and the 
forests, the distributions of these species became restricted but eventually 
they found for themselves a new career when man created fresh open habi- 
tats into which their opportunism could insert them. Characteristics such 
as plasticity in the face of environmental variation, rapid growth, early and 
prolific flowering, strong vegetative reproduction, self-compatibility, and 
the distribution of seeds by wind—all features which stood them in good 
stead in the short growing seasons of the glacial time—are equally favora- 
ble to their success as weeds. 

In point of fact, we now have, in addition, a positive record of the per- 
sistence of some of these species in coastal communities after they were 
driven from the forested and grassy areas and before they entered the weedy 
phase (cf. records in Godwin, 1956). In addition, Sonchus arvensis is known 
in Britain today as a natural inhabitant of salt-marshes as well as being 
weedy inland, while the genecological relationships of salt-marsh and weedy 
races of Plantago major have been studied in Scandinavia by Turesson 
(1925). Rumex crispus L., a dry-soil species which is known to be strongly 
photophile, is recorded from the Late Glacial of Ireland. Nowadays it oc- 
curs on maritime shingle as well as being a weed (Jessen, 1949). One may 
visit almost any stabilized pebble beach on the British coast today and see 
an abundance of well-known weeds which could just as well be there as a 
result of natural causes as through man’s activities. 

The very early history of the Bristly Ox-tongue, Picris echioides L., in 
Britain is probably not known yet, for the earliest fossils date from the 
Bronze Age, about 3,000 years ago (Connolly, 1941). However, it has been 
possible to show that, on coastal cliffs and stabilized pebble beaches, there 
grows a decumbent, perennial, self-incompatible, apparently indigenous 
form which contrasts, strikingly in culture with the upright, annual, self- 
compatible, weedy forms (Baker, 1954c and unpublished). Nevertheless, 
the contrasting forms are fully interfertile and -it is entirely conceivable 
that the weedy forms are derived from an ancestor resembling the coastal 
form. Altogether, it is now widely believed, particularly in Scandinavia, that 
nitrophilous seashore communities have been a fruitful source of weeds 
(Nordhagen, 1940; Clapham, 1953; Dahl, 1953). 
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However, not only weeds have been shown to have this kind of history. 
As their names indicate, three species which have played a big part in Brit- 
ish genecological research—Planiago maritima L., Silene maritima With., 
and Armeria maritima (Mill.) Willd. are most often seen at the seaside, al- 
though they also occur above the tree line on some British mountains 
(Gregor, 1946; Marsden-Jones and Turrill, 1957; Baker, 1949, 1953a). We 
now know that they, too, were common species in the open situations which 
prevailed in places free from an ice-cover during glaciations and also im- 
mediately after the retreat of the ice (cf. summary in Godwin, 1956; Baker, 
1948 b). 

Studies of Armeria maritima (Baker, unpublished) have shown how this 
species thrives in base-rich soils, such as those which prevailed in Full 
Glacial and Late Glacial times, before peat began to accumulate. Although 
this species has produced several distinct ecological races (Baker, 1949, 
1953 a, 1958a), plants which grow at the present time on coastal cliffs and 
rocks appear to be inseparable ecotypicaily from those occurring in the 
rather puny British mountains. Nevertheless, their ability to stand more 
severe climatic conditions has been testified to by the surprising survival, 
for several years, of some plants of this form at 10,000 feet in the Sierra 
Nevada of. California, where transplant experiments have been made on my 
behalf by staff members of the Carnegie Institution of Washington at their 
Timberline garden. 

All forms of Armeria maritima have been shown experimentally to be ex- 
tremely sensitive to even slight shading which completely prevents them 
from flowering (Baker, unpublished). Their inability to compete with either 
a tall grass flora or the trees of the forests may be attributed to this 
sensitivity. 

In North America, the closely related Armeria sibirica Turcz. (Armeria 
maritima vats. labradorica and sibirica, according to Lawrence) occurs in 
tundra-situations from the northeast of the continent across to the Bering 
Straits (Baker, 1953a, including map). A remarkably disjunct population, 
however, occurs at an elevation of more than 12,000 feet on Hoosier Ridge, 
in Colorado, at less than 39°N, some 1,500 miles from the nearest known 
population in the North West Territories of Canada (figure 2). A number of 
other characteristically arctic species occur in similar isolated situations 
in the Colorado Rockies (Harrington, 1954; Weber, 1955) and demonstrate 
that glacial conditions pushed the arctic flora southwards along the moun- 
tains in North America. Most interesting is the very recent discovery of 
fossil pollen of this species of Armeria in a lowland situation in New Eng- 
land (Ogden, unpublished). These deposits in morainic material at Martha’s 
Vineyard, Massachusetts, thus establish a parallel with the European low- 
land picture for Late Glacial Armeria maritima. 

References have already been made in this paper to studies of weedy spe- 
cies, and their value for genecological investigations is worth emphasizing. 
Because of the precision with which their migrations may sometimes be ob- 
served and dated, as well as their availability and suitability for experi- 
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mental treatment, they provide excellent material for studies of growth, re- 
production, dispersal and establishment in a variety of circumstances. From 
these studies, conclusions valid for other, non-weedy taxa may be drawn. 
Sometimes the comparison of weedy taxa with their non-weedy close rela- 
tives is of considerable value. 

Thus, we may consider the campions of the Caryophyllaceae. These are 
still called Melandrium in Europe, although good reasons have been given 
for resettling them in the genus Lychnis (cf. Hitchcock and Maguire, 1947; 
Maguire, 1950; Baker, 1958b). Melandrium album (Mill.) Garcke (= Lychnis 
alba Mill.) is a weed in the British Isles, and one which probably did enter 
the country from southeastern Europe with the Neolithic agriculturalists 
(Baker, 1947, 19484). M. rubrum Garcke is so closely related to M. album 
that some botanists have regarded them as conspecific (Love, 1944; Baker, 
1950a). M. rubrum, however, is a native member of the ground flora in Brit- 
ish broad-leaved, deciduous woodlands. The spread of M. album through 
Britain has followed the gradual elimination of M. rubrum along with the 
habitats in which it grows by increasing agriculturalization and urbaniza- 
tion. This has been accompanied by extensive interspecific hybridization. 

Experiments have shown how M. album is more suited to weedy life than 
M. rubrum (Baker, 1947, 1948a). In the first place it is deeper rooting and 
more drought-resistant and it can grow in poorer soils. It can grow as an 
annual or persist as a perennial, whereas M. rubrum generally does not 
flower before its second season. It is more floriferous and it produces more 
seeds per capsule. It can regenerate if the plants are buried and can even 
put up new shoots from severed portions of the rootstock, so that it is not 
eliminated by ploughing. 

It is possible that some of the genes which Melandrium album has had the 
opportunity of picking up by hybridization with M. rubrum have been of value 
to it in its travels by increasing its range of ecological tolerance, although 
the morphological effects of the hybridization are more often to be seen in 
Britain in the relict populations of M. rubrum (Baker, 1948a). Certainly, the 
material of M. album which was introduced as a weed from Europe to North 
America included some such genes, and colored petals are to be seen here 
and there in North American populations as this weed marches westwards across 
the continent (Baker, 1950b). It is tempting to see here a parallel with the 
situation so strikingly demonstrated by Heiser (1949, 1954, etc.) in his sun- 
flower studies where Helianthus annuus L., in its travels around North 
America, appears to have recruited genes from more localized taxa, with at 
least some of them being likely to be adaptive. 

A number of students in California, in Canada and in England, are now 
studying some other species which had their origins in one continent but 
have now become devastatingly successful as weeds in other parts of the 
world. By comparative cultivations some of the changes which have taken 
place in their genetic constitutions may be demonstrated with the conse- 
quent possibility that some of the reasons for their peculiar success as 
weeds may be revealed. 
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Euphorbia cyparissias L. may be quoted as an example. Two forms of 
this weed species (introduced from Europe) were found to be forming large 
populations in Canada—a male-sterile diploid (2n=20) and a fertile tetra- 
ploid (2n=40), both of which can reproduce vegetatively by rhizomes (Moore 
and Lindsay, 1953). An examination of European material (Pritchard, 1957 
and unpublished) showed the male-sterile diploid to be a common British garden 
plant; but the wild British plants, previously often thought to be escapes from 
cultivation, are tetraploid. The tetraploid proves to possess a wide geographi- 
cal range from the extreme south and west of Europe northwards into Scandinavia 
and eastwards intoRussia. The sterile diploid has apparently been derived from 
a wild form and the latter was finally located in Central Europe, with a much 
more restricted distribution than the tetraploid. Compared with the tetra- 
ploid, the fertile diploid is much less aggressive vegetatively and is much 
less tolerant of shade; for both of these reasons, at least, it is much less 
successful in competition with tall grasses. Vigorous vegetative reproduc- 
tion is found, however, in the male-sterile diploid and it is by reason of 
this that it, as well as the tetraploid, has been able to escape into a life of 
weediness after being introduced into New World gardens and cemeteries. 

Such investigations as these sometimes reveal unexpected complexities 
in the distribution picture. One such case concerns Geranium robertianum 
L. This species is common in woodlands, on rocks and on stabilized peb- 
ble beaches in temperate Europe and it reaches into Asia along the moun- 
tain chains (Baker, 1956, including map). In North America, its native sta- 
tus has not been quite so certain and, although it is generally accepted as 
native, Gleason (1947) and Hulten (1958) have concluded that it is in- 
troduced. 

Cultivation experiments made at the University of Leeds (Baker, 1954 
and unpublished) quickly revealed that the populations which are estab- 
lished in California and British Columbia represent the race which grows ia 
European woodlands, here flourishing weedily in plantations and in well- 
watered gardens and public places. In the northeastern United States and 
adjacent Canada, however, the plants represent a quite different race (al- 
though they are fully interfertile with the European one). This eastern 
North American material agrees fully with specimens from the Himalayas, 
China and Japan in its morphological characters and it is strikingly dif- 
ferent from European material both in morphological and physiological char- 
acters. It appears to be truly native and to represent an herbaceous part of 
the old Broad-leaved Arcto-Tertiary forest which, at one time, had greater 
continuity in the Northern Hemisphere. Later dissection of the geographical 
range of this forest produced the disjunct Asiatic-eastern North American 
floristic relationship which Asa Gray was one of the first to comment upon 
(Gray, 1878). 


HETEROSTYLY AND HOMOSTYLY IN RELATION TO DISTRIBUTION 


Examples have been provided which show that, while some disjunctions 
in the present-day distributions of species are produced by long-distance 
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jumps, with or without man’s help, others represent the remains of more 
gradual distributions achieved over a considerable period of time. Never- 
theless, even when the spread of a species appears to have been gradual, it 
is most likely that there have, of necessity, been some jumps. It is incon- 
ceivable that, for all species, progression throughout the entire range has 
been possible without the interpolation of any unfavorable habitats which 
would have to be crossed. Consequently, we might expect to find a tend- 
ency amongst the widespread forms to show a feature which is advantageous 
to successful establishment after a barrier has been crossed. This, of 
course, is the possession of self-compatibility—not necessarily habitual 
self-pollination or apomixis, but the ability of a plant to set seed although 
growing in isolation (Baker, 1955). 

It is nowhere easier to recognize the relative distribution patterns of self- 
compatible and self-incompatible species than it is in those groups which 
show heterostyly or a pattern of dimorphism related to heterostyly. In such 
groups the heterostylous (dimorphic) forms are more or less self-incompatible 
while the homostylous (monomorphic) forms are highly self-compatible. 


Plumbaginaceae 

Whilst the species and races of Armeria in temperate Europe are dimor- 
phic and highly self-incompatible, the circumpolar (and very disjunct) popu- 
lations of Armeria sibirica, mentioned above, are monomorphic and self- 
compatible (Iversen, 1940; Baker, 1952). It is most likely that the center of 
distribution of this genus (figure 2) lies in southwestern Europe, where an 
overwhelming number of species are located (cf. Lawrence, 1940), and 
there is good reason for believing that dimorphism is the primitive condition 


FIGURE 2. Aggregate distributions of dimorphic and monomorphic species of 


Armeria (Plumbaginaceae). Dimorphic ; monomorphic ___. 
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in the genus (Baker, 1954c). The circumpolar, monomorphic material would 
thus be derived and so would the other species and races in the New World 
(for they are uniformly and similarly monomorphic). The New World complex 
of forms reaches down the Pacific Coast to southern California and reap- 
pears in the mountains of Chile, ranging thence to the very tip of South 
America and to the Falkland Isles. Such a wide distribution as this must 
have been begun in the Tertiary era and thus have been drastically influ- 
enced by the climatic fluctuations which took place in the Pleistocene. 
Szafer (1945) and British workers (summary in Godwin, 1956) have recorded 
interglacial finds of Armeria in Poland and Great Britain, respectively. Al- 
though these Pleistocene climatic fluctuations may have given impetus to the 
spread of the genus, even the cooling of a glacial period would never have 
made the tropics of Central America suitable for Armeria and here, at least, 
it must have accomplished long-distance dispersal successfully (and in a 
monomorphic, self-compatible condition). 

Although the related genus Limonium is larger and more complex, its spe- 
cies appear to obey similar principles (Baker, 1952a, 1953, 1954a). More 
significant still is the fact that the same principles appear to be upheld in 
a number of families besides the Plumbaginaceae. 


Linaceae 


For example, the genus Linum, of the Linaceae, is prevailingly Eurasian 
and North African in distribution and therein contains a number of hetero- 
stylous as well as homostylous species (Darwin, 1877), but all of the Amer- 
ican species (as well as the four which live in South Africa) are homosty- 
lous (Alefeld, 1863). These homostylous species may be considered to be 
peripheral in distribution. Nevertheless, heterostylous Linum perenne L. is 
morphologically so close to the homostylous North American L. lewisii 
Pursh that for a long time they were considered conspecific. Hultén (1947) 
still considers L. lewisii to be only a subspecies of L. perenne. 


Oxalidaceae 

In the frequently tristylous genus Oxalis, most species are confined either 
to South Africa or to restricted parts of central and southern America, but 
two sections have achieved distributions which can be called world-wide. 
These are the sections Oxalis (better known as the Acetosellae (Reiche) R. 
Knuth) and Corniculatae Reiche. They are both entirely composed of homo- 
stylous species. 


Primulaceae (except Primula) 


Hottonia, in the Primulaceae, is a genus composed of only two species. 
Hottonia palustris L., in Europe, was seen to be heterostylous as early as 
1793 by Sprengel, while Scott (1864) and Hermann Miller (1873) later showed 
that, although the long-styled form is fairly self-compatible, the short-styled 
form is only very slightly so. On the other hand, the eastern North Ameri- 
can Hottonia inflata Ell. is not only homostylous and self-compatible but is 
often cleistogamous (Torrey, in Darwin, 1877). 
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In the same family, Douglasia vitalliana (L.) Pax (= Gregoria vitalliana 
Duby) is a self-incompatible, heterostylous species (Scott, 1864). Its geo- 
graphical range is restricted to the European Alps, the Pyrenees and some 
Spanish mountains (Litidi, 1926) but there are five other species scattered in 
the North American arctic, sub-arctic and northern Cordillera (Constance, 
1938). The latter species are probably all homostylous. 


Boraginaceae 


A rather different pattern is shown by the genus Lithospermum, of the 
Boraginaceae. Here, the heterostylous species are most numerous in Asia 
(Johnson, 1952) but there is some evidence of a connection with North 
America through the Bering Straits and both heterostylous and homostylous 
species occur in North America as well. However, both in the New and Old 
Worlds, where the genus reaches down into South America and into South 
Africa, respectively, this penetration of the southern hemisphere is exclu- 
sively made by homostylous species. 

There is a suggestion here that the Bering Straits may not have provided 
as much of a barrier to the migration of heterostylous forms as has been im- 
posed by other parts of the Arctic. This suggestion can be supported by a 
cofisideration of the two species which compose the genus Menyanthes, of 
the Menyanthaceae. 


Menyanthaceae 


Menyanthes trifoliata L. is heterostylous and self-incompatible in Europe 
(Darwin, 1877). It is also heterostylous in Asia and in North America where 
it also appears to be highly self-incompatible. In the western part of North 
America the plants are indistinguishable from Asiatic and European ma- 
terial, but east of the Rockies one begins to see signs of differentiation and 
the variety minor Raf. becomes important although it is still heterostylous 
(Fernald, 1929). Finally, as Warming showed as long ago as 1886, a homo- 
stylous, self-pollinating form occurs in Greenland, probably related to a 
paucity of potential pollinators there. In summary, then, Menyanthes tri- 
foliata occurs in populations on both sides of the Atlantic Ocean but the 
morphology of the plants and the reproductive biology of the populations 
suggests that their connection has been through Asia and America rather 
than directly across the ocean. 

Support for this interpretation is given by the only other species in the 
genus, Menyantbes crista-galli Menz. This species has a neat distribution 
on both sides of the Pacific Ocean, straddling the Bering Straits. Its popu- 
lations also are heterostylous and presumably self-incompatible. 

In these genera, one may see confirmation of Hultén’s thesis that the 
Bering Straits provided a significant land-link between Asia and North Amer- 
ica during the Pleistocene glaciations while adjacent areas constituted im- 
portant refugia (Hulten, 1937, 1958). On the other hand, Hultén’s implica- 
tion that direct floristic connections across the North Atlantic Ocean can 
be largely ruled out is not supported, although the greater obstruction to 
successful amphi-Atlantic distribution is demonstrated here by the emphasis 
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upon self-compatibility in those taxa which appear to have triumphed over 
the ocean barrier. 


HETEROSTYLY AND HOMOSTYLY IN PRIMULA 


The generalizations just put forward and illustrated may now be subjected 
to a searching test by examining their validity for the best known hetero- 
stylous genus of all. 

In the genus Primula, the section Farinosae Pax contains at least 82 spe- 
cies distributed in Europe and Asia as well as North and South America. 
Most of these species are heterostylous, but some are homostylous and ap- 
parently derived from heterostylous ancestors (Bruun, 1932; Wright Smith 
and Fletcher, 1942-1943; Ernst, 1953). Wherever they have been studied 
experimentally the homostyles have proved to be thoroughly se)f-compatible. 
Within the section several subsections may be distinguished and two of 
these, the subsections Sibirica and Eu-farinosae, overlap from Eurasia into 
the American continent. It is generally agreed that the center of distribu- 
tion is to be found in Asia (Pax and Knuth, 1905; Ernst; 1953). 

In the subsection Sibirica, seven heterostylous species occur in eastern 
Asia and one, Primula sibirica Jacq., is circumpolar, as well as occurring 
in the Himalayas. With the exception of the last-mentioned species, this 
subsection is not found in Europe and it seems most likely that its entry 
into the New World was across the Bering Straits. The only remaining spe- 
cies is P. egaliksensis Wormsk., which is distributed through arctic Amer- 
ica from Alaska to Labrador and Greenland. It is homostylous. 

A spectacular extension of the known range of Primula egaliksensis has 
been reported recently by Weber (1955) who found it growing in South Park, 
Park County, Colorado. This isolated outpost in the Rockies recalls the 
situation in Armeria where the equally monomorphic A. sibirica also occurs 
in a single station, actually in the same county! 

In the larger subsection Eu-farinosae, about 22 heterostylous species oc- 
cur in Asia, mostly in the east. Three of these species have homostylous 
races, however, and, in addition, P. clutterbuckii Ward (from Assam) and P. 
yuparensis (from Japan) are homostylous. The link with North America is 
clear, for P. borealis Duby is found both in northern Siberia and Alaska and 
is heterostylous. Consequently, we need not be surprised that the very 
closely related P. specuicola Rydb. (from southeastern Utah) and P. mistas- 
sinica Michx. (distributed from British Columbia to the Atlantic Coast) are 
also heterostylous while P. intercedens Fernald (which grows on the shores 
of the Upper Great Lakes) contains both heterostylous and homostylous 
forms. 

The situation regarding Primula laurentiana Fernald is not quite clear. 
According to Ernst’s studies it is homostylous, but Wright Smith and Flet- 
cher (1943) suggest the existence of heterostylous plants. Homostyly and 
a distribution limited to northeastern America would not be inconsistent 
with a Bink to Europe. The species which it resembles most closely is the 
European P. farinosa L. 
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In contrast to the distribution pattern shown by the preceding species 
(with the possible exception of P. laurentiana), there is positive evidence 
of a trans-Atlantic crossing by another species. In Europe (and generally 
restricted to that continent) are two heterostylous species, three homosty- 
lous species and one (P. frondosa Janka) which contains both. The crucial 
species is P. stricta Hornem., whose geographical range has been elegantly 
mapped by Hultén (1958). It is not uncommon in Norway and Lapland and 
occurs in European Russia, but it is wholly absent from Siberia. Most sig- 
nificant, in the opposite direction, however, are its occurrences in Iceland 
and Greenland which link up with a wide distribution in arctic America (fig- 
ure 3). This species, which has successfully bridged the North Atlantic 
Ocean, is homostylous. 


FIGURE 3. Approximate limits of the distributions of some closely-related spe- 
cies of Primula (sub-sect. Eufarinosae). (1) P. stricta Hornem.____. (2) P. incana 
Jones (3) Three species together (P. magellanica Lehm., P. decipiens 
Duby, and P. comberi W. W. Sm.) 


Closely related morphologically (and probably close phylogenetically) to 
Primula stricta is P. incana Jones, found in bogs and damp places from the 
Great Slave Lake to the Rockies of Utah and Colorado.. This, too, is exclu- 
sively homostylous. 

After this demonstration of conformity with expectation, it is particularly 
instructive to note that there is a tremendous geographical disjunction be- 
tween the North American species already mentioned and three species 
which live in Patagonia, Tierra del Fuego and the Falkland Isles. It almost 
goes without saying that these three species (P. magellanica Lehm., P. de- 
cipiens Duby, and P. comberi W. W. Sm.) are homostylous. Fernald (1928) 
has remarked upon the close morphological resemblance between them and 
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the equally homostylous North American P. incana (and through it to P. 
stricta) although their populations are separated by more than 78° of lati- 
tude (see figure 3). 

As Wulff (1943) and Cain (1944) have pointed out, there is no reasonable 
alternative to the view that the three antarctic species represent the living 
culmination of a transequatorial migration. In this the Rocky Mountains and 
the Andes must have played a part; but the distribution process, as in the 
entirely comparable case of Armeria, must have included some large jumps, 
particularly in the tropics. 

Elsewhere in the genus Primula, only the sections Parryi W. W. Sm., Ni- 
vales Pax and Cuneifolia Balf. f. contain North American species. The 
first, including the relatively recently discovered P. maguirei L. O. Wil- 
liams, consists entirely of heterostylous Cordilleran species whose affini- 
ties appear to be with eastern Asia (Wright Smith and Fletcher, 1948). 

The section Nivales, which is predominantly Asiatic, barely reaches 
North America. According to Hultén (1947), Primula nivalis Pallas has a 
single recorded station at Wales, in the Bering Straits. Nothing is known of 
the floral condition of this isolated population but the same species is het- 
erostylous in other, Asiatic parts of its range. P. tschuktschorum Kjellm., 
however, ranges from southernmost Kamtchatka and the northern Kuriles 
through to Alaska, reaching as far north as 68° 54’ at Cape Lisburne. Ma- 
terial of this species, vouched for by Hultén, rests in the Herbarium of the 
University of California and on examination showed that both the variety 
pumila (Ledeb.) Fern. and the variety arctica (Koids.) Fern. consist of 
‘long homostyle’’ plants. 

At the extremes of its range, the section Cuneifolia is represented by two 
heterostylous species—Primula nipponica Yatabe, in Japan, and P. suffru- 
tescens Gray, in the Sierra Nevada of California. Filling in much of the 
trans-Bering gap between them is P. cuneifolia Ledeb. which is_hetero- 
stylous in Japan and eastern Siberia but also contains one subspecies 
(subsp. saxafragifolia (Lehm.) W. W. Sm. and Forrest) which has developed 
homostyly and, in addition to occupying stations in Alaska and Unalaska, 
appears to have gone island-hopping in the Aleutians. 

Thus, to summarize, in Primula there appears to be good agreement, on 
the one hand, with the principle that establishment after long-distance dis- 
persal is favored by self-compatibility (with the most striking jumps involv- 
ing the Atlantic Ocean and the New World tropics). On the other hand, there 
is equal agreement with the suggestion that, at the times when the genus 
was obtaining its circumboreal distribution, connection between the Old 
World and the New was much easier across the Bering Straits than across 
the North Atlantic Ocean. 

Dahl (1958) has very recently argued in favor of a Pliocene or Pleisto- 
cene land-bridge stretching from Scotland to Greenland. His chiéf botanical 
evidence is of a negative kind—that the amphi-Atlantic species do not show 
an exceptionally large number of morphological adaptations to long-distance 
dispersal. However, the evidence adduced in the present paper appears to 


PLANT MIGRATIONS 269 


indicate the frequent presence of adaptations which favor establishment after 
long-distance dispersal. One may conclude, therefore, that any such land- 
bridge, if it did exist, was probably not at all complete across the ocean, 
although the presence of dimorphic Armeria in Iceland and southern Green- 
land (figure 2) might argue in favor of its extension in some form that far. 


EPILOGUE 


The most recently quoted examples have shown how it may be possible, 
by studying the reproductive biology of heterostylous species, to gain some 
insight into their past migrations. However, it is to be hoped that they and 
the previous cases, from Arbutus to Geranium, have demonstrated how pe- 
culiarities in each one of the four stages in the life cycle of a higher plant 
may provide the evidence from which we may trace the patterns of distribu- 
tion and restriction which have produced the present geographical ranges of 
the species. 

Some years ago, at a conference on the history of the British flora and 
fauna, Professor Knud Jessen pleaded for a temporary halt to the prolifera- 
tion of theories and a concentration upon the acquisition of facts (Anony- 
mous, 1947). He had in mind the discovery of fossils and, of course, there 
is no more positive guide to the past occupation of any area by a particular 
species. Nevertheless, we may garner a great deal of information from aute- 
cological and genecological studies of well-chosen species and it is to be 
hoped that the volume of such work will increase steadily. The climate is 


right for it. 
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